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; Preface to the New Edition 


LS.C. Chemistry, Volume II has been reshaped to meet the 
requirements of the latest syllabus in Chemistry (Principal Level) 
prescribed by the Council for Indian School Certificate Examina- 
tion for standard XII. The book is divided in three parts covering 
topics in Physical Chemistry, Inorganic Chemistry, and Organic 
Chemistry respectively. Many chapters have been suitably modified 


while a few others have been almost co 


letely rewritten. The 


general style of the presentation of the subject matter continues to 
be essentially the same as in the author's other well known text 
books corresponding to the RU Rad bythe Council for 


junior level, viz., ‘Exploring Che 


istry’ for.classes VII and VIII 
and ‘A New Certificate Chemistry’ for classes IX and X. Much care 
has been taken to explain the abstract ideas and theories of 


Chemistry, which often tend to elude comprehension, in a systema- 
tic manner and by bringing out their releaynce to the experiences 
and applications in everyday life so that there should be little 
difficulty in acquiring a clear understanding. The treatment of the 
subject matter is “exhaustive, yet, to the point, and the text is 
extensively illustrated with line drawings for their great learning 
value. A large number of solved numerical problems have been 
given in relevant chapters to provide thorough grounding in solv- 
* 


ing similar problems. 


In keepii g with the latest trends in the teaching of Chemistry more 
emphasis has been laid on the “whys and hows” rather than on the 
mere ‘whats’ of the various chemical phenomena throughout the 
Course Of the text. Serious effort has been made to highlight how 
the physical properties and chemical behaviour of the elements and 
their chemical compounds can be related. to the electric configu- 
rations, and how this relationship gives a certain coherence to the 


Chemistry of the elements. 


A large number of problems and questions pertaining to the topic 
are given at the end of eech chapter. These have been constructed 
and selected to ensure that they would test not only the factual 
knowledge pertaining to the topic but also the higher abilities of 
Critical thinking, reasoring, and imagination, and would enable 
*he students to detect the specific areas in which they have failed 
ty reach the proper level of apprehension. Useful hints have been 
provided for solving certain selected questions which an average 


student may find rather difficult to attempt. 


I earnestly hope that the present book will significantly help the 
students in studying Chemistry with intelligent interest, thrill of 
exploration, and a clear understanding of the various concepts. 
Despite best efforts, however, there might be errors of commission 
or omission and I shall feel highly obliged if these are brought to 
my notice. Any suggestions for the improvement of the book and 
guiding its development through subsequent editions will be grate- 


fully received and acknowledged. 


VED PRAKASH SAXENA 


REVISED SYLLABUS IN CHEMISTRY PRESCRIBED BY 
THE COUNCIL FOR LS.C. EXAMINATIONS, 
NEW DELHI, FOR LS.C. STANDARD XII 


One Theory Paper (3 hours) 
One Practical Paper (3 hours) 
THEORY 
SECTION A 
Atomic Structure 


1.1. Electrons, protons and neutrons as the fundamental particles 
of major importance in chemistry ; their charges and relative 
masses, 

2.2. (a) The nucleus of the atom ; isotopes and mass number. 

The detection of a- and B-particles and Y-rays : the nature 
of a- and B-particles ; evidence from the experiments with 
photographic emulsions and cloud chambers and from the 
differenecs in penetrating ability to establish the nature of 
the rays should be mentioned and treated qualitatively, 
but detailed treatment is not intended ; Rutherford's 
experiment. See also Section 7 of this syllabus. 

(b) The relation between the convergence limit of the Lyman- 
series and the ionisation energy of the hydrogen atom 
should he appreciated. The concept of electronic energy 
levels should be developed from data available on ionisa- 
tion energies of lighter atoms. 

Quantum numbers and the Pauli exclusion principle to be 
included. Fora systematic approach the following are 
included : 
(1) Rutherford's experiment, 
(Il) Bohr's atomic model, 
(ill) Simple concept of orbitals, 
(iv) Atomic spectra (differences of continuous and dis- 
continuous spectra), 
(v) Study of Hydrogen spectra (to show that electrons are 
situated at certain fixed distance energy levels and not 
distributed randomly about the nucleus), 


(vi) Lyman-series, Balmer-series, Paschen-series, Brackett- 
series, and Pfund-series. 


Convergence limit of Lyman-series and otber series, 
and ionisation energy must be mentioned. Questions 
will not be set on the /ast four series. 


(vil) The Pauli exclusion principle regarding the structure 
of the atom Quantum number should be treated in 
detail. (Quantum numbers are very much related to 
energy levels, sub-energy levels and orbitals). 


(viii) The size, shape and orientation of orbitals must be 
mentioned to represent the electronic configuration of 
the atom (representation in terms of s, p, and d orbi- 
tals) e.g. Cl—2.8.7— 182, 2s8, 2px® 2py? 2pz, 3s? 3p5. 


2. The Periodic Table 


(a) Atomic number as the basis for classification of the ele- 
ments in the Periodic Table. Questions will not be set on 
the historical development of the Periodic Table. 

Extra nuclear structure as the basis of perodicity. Some 
idea of the following : 

Ionisation potential, Electron affinity, Atomic radius, 
Atomic Volume etc., must be given. 

The periodicity of.electronic structure leadíng to the 
periodicity of chemical elements e.g., the relative ease of 
lonisation of the elements. 


(b 
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(c) Periodicity of elements with reference to s, p, d and f 
block elements. 


3. Phase equilibria. 
Enantiotropy and Monotropy are 1ucluded. 


Study of variation of vapour pressure of a pure liquid with: 
temperature. 


Boiling point. Steam distillation boiling point diagrams for 
liquid mixtures (including azeotropes). Fractional distillation. 
Freezing point diagrams for liquid mixtures forming simple 
eutectics. 


Study of phase rule with its applications to (i) one compo- 
nent, (ij) two component systems is expected. 


3.1. Solubility of gases in liquids. 


Henry's law (derivation not required) ; a qualitative explana- 
tion of Henry's law in terms of Le Chatelier's theorem and 
the kinetic theory. 


3.2. Distribution of a solute between two solvents 
(a) Distribution Jaw, Ether extraction. 


The partition law (only applies when the solute is in the 
same molecular state in the two solutions, tbe effect of 
association of the solute is not required. Solution of 
liquid in liquid, miscible and immiscible liquids and 
methods of separation to be treated qualitatively : use of 
fractional distillation ; solution of solid in liquid, solubi- 
lity curves, determination of solubility are included The 
partition or distribution law for the distribution of a solid: 
or liquid between two liquids is similar to Henry's law 
(deviations not to be considered). Ether extraction : its- 
use in organic chemistry; it is more economical to use 
ether in portions (to be explained through numerical 
examples, using the distribution law with the condition 
that the solute is in the same molecular state in the two: 
solutions). The use of recrystallisation and fractional cry- 
stallisation in the laboratory and in industry. 


(b) Chromatography. 


This may include : (/) Column chromatography. (ii) Thin- 
layer chromatography, (if) Paper chromatography, and 
(iv) gas chromatography, a qualitative treatment only is- 
needed with an indication of its use as an analytic tool. 


3.3. Colloidal solutions: preparation and properties of colloids, 
both hydrophiilic (c.g., starch or gelatin) and hydrophobic 
(e.g, S or AsgSs3). Precipitation as evidence that colloidal 
particles are charged. 


( itt ) 


No treatment of gold number is required. The importance of 
the large surface area and absorption should also be appre-} 
ciated. 


4. Electrical properties of solutions, 


4.1. Application of ionic theory 

(a) Solubility product and the common ion effect, 

(b) Ostwald’s dilution law ; ionic product of water 

(c) pH : (i) pH indicators, (iil) buffer solutions. 
Caiculations based on the above sub-sections are aot re- 
quired. Ionic equations should be used, where suitable. 
The law of chemical equilibrium, in terms of molar con- 
centration will need to be first stated (from this law the 
concept of the solubility product and ionic product for 
water can be established) ; common-ion effect and its 
relation to the solubility product should be treated 
qualitatively without calculations ; the connections bet- 
ween solubility and solubility product and between 
solubility product and precipitation are to be emphasized 
in a qualitative manner ; Ostwald's dilution law applied 
to the case AB—A*--B* should be deduced from the law 
of chemical equilibrium and the relation between the law 
and the strength of an acid should be treated qualita- 
tively. The ideas in 7.l(c) are to be used to explain, 
qualitatively, the connection between pH and e.m.f. of a 
galvanic cell, the concept of weak and strong acids and 
hydrolysis. The strength of an acid (especially weak acid) 
increases with dilution. 


4.2. Electrode potentials : 
(i) meaning of the electrode potential, 
(ii) factors affecting electrode potential, 
(iii) standard electrode potential, 
(iv) standard hydrogen electrode, 
(v) measurement of standard electrode potential, 
(vi) mechanism of current production in the Voltaic cell, 


(vil) explanation of the electrochemical series on the basis. 
of electrical properties i.e , standard electrode potential, 
e.m.f , etc. 

Reaction Kinetics and Chemical Equilibria 
5. Chemical kinetics. 

(a) Qualitative treatment of the dependence of reactions rates 
on (7) concentration of reactants, (//) size of the particle, 
(iii) temperature, (tv) presence of a catalyst. The con- 
cept of energy barrier. (It is suggested that some experi- 
ments may be devised which may deal with the above 
mentioned factors). 


C RA) BN 


4b) Reversible reactions ; dynamic equilibrium. 
(c) Homogeneous and heterogeneous catalysis. 


The presence of the catalyst allows a different mechanism 
to operate, i.e., a different (usually lower) energy barrier 
is involved. 


(d) The concept of equilibrium constants in terms of concen- 
trations or partial pressure to indicate the composition 
of the equilibrium mixture. The following are examples : 


(i) the dissociation of dinitrogen tetroxide, 
(11) hydrolysis of simple esters, 


(iil) d process for the manufacture of sulphuric 
acid, 


(iv) the synthesis of ammonia. ` d 
Reference should also be made to solubility product, 
Ostwald’s dilution law, the ionic product of water (see 
subsection 4,1) in terms of equilibrium constants. 
(e) Le Chatelier's principle. 


Reference should be made to exothermic and endothermic 
reactions, It should also be emphasized that the change 
in the volume of an equilibrium constant with tempera- 
ture demands a corresponding change in the composition 
of the equilibrium mixture The scope of this section is 
already suggested in item 3 and 4.1. All treatment is to 
be qualitative. 


€f) Chemical reactions and energies. 


A qualitative treatment of the following is expected : 


(i) heat of combustion, (ił) heat of formation, (if!) heat 
of reaction, (iv) heat of neutralisation, (v) heat of solu- 
tion. Hess's law of constant heat summation and its 
verification by a simple method. 


SECTION B 
Inorganic Chemistry 


(a) General survey of the elements Mg, Al, Ca, Si, P, S, Fe, 
Cu, Zn, Pb, and their simple familiar compounds. 


The general survey should include : 
(i) Occurrence in nature, 
(it) Physical state, 


Gr) 


(ii!) Position in Periodic Table, and discussed on the basis 
of electronic configuration and relation with neigh- 
bouring elements. The resemblance and difference 
between elements in the same group, 


(iv) Type of bonding, 


(v) Nature of oxide, hydroxide, chloride, carbonate, 
nitrate, sulphate, 


(vi) Formation of hydride, nitride and carbide. Action of 
water, air, acid and alkalis. 


(vii) Gonversion of compounds. Important uses. 


Rare earths—with special reference to Lanthanides and 
Actinides. 


Rare gases—with special reference to Helium and Neon (an 
elementary idea only). 


The survey should be based on the Periodic Table. For 
silicon, treatment should be limited to (i) justifying its 
place in the period (Na to Cl), and (ii) illustrating the 
change of properties within a group, Le., C, Si and Pb. 
Opportunity should also be taken to consider the group 
characteristics as shown by(1) the Halogens and (2) the 
pairs of elements Na/K, Mg/Ca, C/S. Reference should be 
made to the location of Fe, Cu, Zn in the Periodic Table. 
Oxidation and reduction should be discussed in terms of 
electron transfer, 


Silicon, silicates, silicones semi-conductors. Elementary 


idea of complex compounds. Co-ordination of amines with 
metals, 


«b 


= 


Laboratory preparation of the important compounds of 
the above mentioned elements and the manufacture (with- 
out technical details) of the compounds and elements used 
on a large scale e.g., SOs, Fe, Cu, Al, etc. 


(c) Manufacture of steels, some recent methods, namely, the 
electric furnace and LD-AC (Linz-Donau) or basic oxygen 
converter to be dealt with. 


“7. (a) A simple treatment of nuclear fission, e.g., a typical 
example of the first stage of the fission of 285U, 


Nuclear Equations are required. The general characteristics 
of nuclear fission (/) release of large amounts of energy, 
(ił) the production of lighter nuclei (also radioactive) and 
other fragments such as helium nuclei and neutrons, is 
expected. 


C») 


(b) Applications and uses of radio-isotopes such as 14C or 3P, 
An indication only of the principles of producing radio- 
isotopes by bombardment is required. 


The concept of ‘half-life’ period is to be appreciated. 
SECTION C 


Organic Chemistry 


82 


Reference should be made to hybridization, sigma and pi 
bonds. 


A study of the characteristics properties and reactions of 
C=C, C—Hal, C—OH, C=O and CHO, COOH, C—NHa; 
illustrated by reference to typical compounds such as : bromo- 
ethane, ethyl acetate, ethylamine acetemide, urea, benzene, 
phenol, aniline, chloroform, chloroethane, formic acid, oxalic 
acid, glycerol, benzoic acid, glycine, glucose, Optical activity 
SN1. SN? reactions, elimination reactions. 


Aldol condensation, Meer Ween-pondorff-verely reduction 
(questions may not be set on this topic.) Cannizzaro reac- 
tions. Hofmann reaction. It is expected that basic ideas of 
reaction mechanism are given. 


The laboratory preparation and, where appropriate, the large 
scale preparation of the following : 


Ethylene, acetylene, methyl alcohol, Grignard's reagent, with 
reference to aldehydes, keytones, amines and acids, acetic 
acid’ (vinegar), soaps. Details of purification of these named 
compounds are not required but the general chemistry of one 
preparative reaction for each class of compound should be 
known. The study of a particular compound should also 
include reference to its alipathic or aromatic character. 


Large scale preparation, properties and uses of compounds 
like CHa, C2H6, C2H2 is included. 

Laboratory preparation or other appropriate methods o 
preparation, properties and uses of the following : 


(a) ethyl-bromide, di-ethyl ether, acetyl-chloride, ester ethyl- 
acetate, ethylamine, chloro-benzene, phenol, benzoic 
acid, nitro-benzene, aniline. 


(b) acetic-anthydride, acetamide, urea (ammoniacal and 
potassium cyanate method), oils, soaps, waxes, carbo- 
mé ug Under the carbohydrates, the following are 
included : 


(i) Monosaccharides—glucose and fructose, 
(ii) Disacchrides—sucrose, 
(fi!) Polyasaccharide—starch, cellulose, rayon, 


( vit) 


(c) Optical activity should be discussed on the following 
points : 
(f) meaning of optical isomerism, 
(i) dextro and laevo rotatory substances, 
(iii) use of polarimeter, 
(iv) asymmetric carbon atom and enantiomorphs, 
(v) optical isomers of lactic and tartaric acids. 


(a) -Homologous series, structural isomerism, 


(b) The principles of addition and condensation porymerisa- 
tion, illustrated by reference to natural and synthetic 
polymers, e.g., proteins, polyolefines and synthetic fibres. 


Reference should also be made to the effect of chain 
length and cross linking on the physical properties of 
polymers. 


(vii ) 
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PART I 


PHYSICAL CHEMISTRY 


Atomic Structure 


Dalton (1805) viewed atom as an indivisible entity and, so, with- 
out an internal structure. The discovery of cathode rays in 1880, 
of positive rays in 1886, of X-rays in 1895, and of radioactivity 
in 1898, however, showed that atom is not the fundamental 
particle of matter but is made up of smaller sub-atomicparticles,* 
Of these particles, the proton, the neutron, and the electron are 
of fundamental importance. Both protons and neutrons are 
particles of unit weight, but a proton has a unit positive charge 
anda neutron carries no charge. An electron is a relatively 
light particle, its weight being about 1/1837 the weight of a 
proton. 


The protons and neutrons are closely packed in an incredibly 
small volume at the centre of the atom, and make up almost 
whole of the weight of the atom. The dense body containing 
the protons and neutrons is called the nucleus of the atom. The 
nucleus of the atom is positively charged carrying as many units 
of positive change as the number of protons in it. The electrons 
are found outside the nucleus in shells or energy levels dispersed 
at djstances that extend up to 100,000 times the diameter of the 
nucleus, Thus, an atom is mostly ‘empty space’ around a dense, 
positively charged nucleus. An atom is electrically neutral. 
Therefore the number of electrons outside the nucleus is the 
same as that of the protons in the nucleus. This is the Bohr's 


model of the structure of the atom, 


1a the Bohr's model of atomic structure, the electrons are 
regarded as revolving around the nucleus in definite paths, called 
shells or energy levels, concentric with the nucleus. In the new 
wave-mechanical model of the atom, the electron is a three- 
dimensional wave surrounding the nucleus of the atom without 


any definite path. 


1. Composite Character of Atom 


*. 

An atom is not a fundamental particle in itself; it has a 
composite character. There is much experimental evidence to 
show that atoms. are complex systems made up of smaller particles 
of at least 20 different kinds. Of these, the electron (e^), the pro- 
ton (p), and the neutron (n) are the most important. The atoms 


Since 1912, about 100 fundamental sub-atomic particles have been dis- 
covered or postulated. 
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of all the 103 elements at present known are built up from these 
three fundamental particles according to a simple plan—successive 
addition of 1 proton and one or more neutrons ih the nucleus and 
1 orbital electron. The first element, hydrogen has one proton in 
the nucleus and one orbital electron. The second element, helium, 
has two protons (and two neutrons) in the nucleus, and two orbital 
electrons. Atoms of successive elements are built up in the same 
way, and the ninety second element, uranium, has 92 protons (and 
some neutrons) in the. nucleus, and 92 orbital electrons. The 
electron, the proton, and the neutron are, therefore, the building. 
blocks of all atoms, 


1-1, The electron. When an electric current of high potential 
is passed through a gas contained at a low pressure (0.03 mm) in 
a glass tube with a metal electrode sealed in at each end*, rays of 
bluish light extend from the cathode (negative electrode) in a 
direction perpendicular to its surface (Fig. 1-1). These rays are 
called cathode rays. When they strike on the wall of the tube- 
opposite, a green fluorescence or glow is produced. 


cathode rays to vacuum pump 


source of current 
Fig. 1-1. Discharge tube. 


Some more significant pfoperties of the cathode rays are— 


L. They travel in straight lines and cast a sharp shadow of 
an object placed in their path on the wall of the tube. 


2, They can produce mechanical effects, Thus, the cathode 
rays, on striking the blades of a light paddlewhee! supported across 
their path, cause it to rotate. This can happen only if the cathode 
rays possessed mass and transferred their momentum to the 
paddles. 


3. They are deflected by magnetic and electrical fields in a 
manner which shows that they have a negative charge. Thus, when 
the discharge tube is placed between two parallel plates, oppositely 


*This type of tube is called a cathode-ray tube or gas discharge tube. 
It is often called Crookes tube in honour of its inventor. 
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‘charged, the cathode rays are repelled by the negative plate and 
attracted by the positive plate (Fig. 1-2). 


negatively charged plate 


Positively charged l + plate 
‘ qu 


Fig. 1-2. Deflection of cathode rays by an electrical field, 


These properties suggest that the cathode rays are streams of 
megatively charged particles of matter. These particles are called 
electrons. In 1897, J.J. Thomson showed that irrespective of he 
material of the cathode or the gas in the discharge tube, all cathode 
ray particles have the same charge-mass ratio (e/m). Thus he 
established that electrons from all forms of matter are identical 
particles. In 1917, Millikan measured the negative charge, e, on 
the electron, This quantity, 1.60x 1071? coulomb, is the smallest 
quantity of electricity so far met and is accepted as the unit of 
electrical charge. From the values of e/m and e, the mass of the 
electron was calculated as 9.11 x 10-8 gram. This mass is 1/1840 
the mass of a hydrogen atom. 


Electrons are also emitted by some metals, e.g., by tungsten 
when heated (thermoeleqtric effect) and by highly active metals such 
as potassium, calcium, etc. whén exposed to light (photoelectric 
effect). All forms of matter emit electrons under the action of 
X-rays. Beia rays given off by radioactive substances consist of 
electrons, 


The electrons obtained from all elements by various methods 
are found to be identical. This proves that electrons are contained 
inall atoms. Recent work has shown that electrons possess not 
only the properties of particles of matter but the properties of 
Waves as well. 1 

1-2, The Proton. In 1886, Goldstein found that the emission 
of cathode rays is accompanied with the production of another kind 
Ol rays, called positive rays or anode rays. In a discharge tube 
having a perforated cathode, these rays pass through the pinholes 


6 


LS.C. CHEMISTRY VOL. ID 


in the cathode in a region behind it, These are deflected in an elec- 
trical field in a direction opposite to the deflection of the cathode 


rays (Fig. 1-3). This shows that 
these rays are composed of posi- 
- tively charged particles, These 
particles are produced from the 
neutral atoms of the gas in the 
discharge tube when fast moving 
electrons strike them and knock 
off one or more electrons. The 
mass of the positive particles 
obtained from different gases is 
different and is about the same 


cathode Ts Dn 
rays + 


Fig. 1-3. The anode rays are ‘attracted 


as the atomic weight of the gas, 
The lightest positive. particles 
were obtained from hydrogen and were called protons. The electri- 
cal charge on a proton is equal in size but opposite in sign to that 
on the electron, That is, the proton bears a unit positive charge. 
The amount of charge on the positive particles from different gases 
also varies. The total charge on each particle is either equal to 
the charge on the proton or some whole number multiple of it, The 
masses of all positive particles other tban proton are also whole 
number multiples of the mass of the proton. This shows that proton 
is the electrically positive unit of atomic structure. This was con- 
clusively proved by Rutherford in 1919 who showed that protons 
are produced when nitrogen gas, sodium (vapour), etc. are bom- 
barded with alpha particles, 


by the negative plate. 


The mass of a proton is nearly equal to that of a hydrogen 
atom (from which it is formed by the loss of an electron of 
neglizible mass). 


1-3. The neutron. The existence of a neutral, ie, un- 
charged particle having a mass of 1 on the atomic weight scale was 
predicted in 1920 by Rutherford on theoretical considerations. 


y In 1930, Bothe and Becker found that bombardment of targets. 
of lithium, beryllium, and boron with alpha particles yielded an 
uncharged radiation with a high penetrating power. They thought 
that the radiation consisted of gamma rays of very short wave- 
length. In 1931, Frederic Joliot and his wife Irene Curie found: 
that this radiation ejected high speed protons from a paraffin screen 
placed in their path. Thi$ was a property not characteristic of 
gamma radiation. In 1932, Chadwick repeated these experiments 
and calculated that this radiation consisted of particles with no 
charge and mass equal to that of a proton, This particle was 
named neutron. The neutron is also an essential constituent of all 
atoms (except protium, 1H). 


The weights and electrical charges of these fundamental units 
of atomic structure are summarized in Table 1-1. 
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Table 1-1. Fundamental particles of atomic structure 
Particle Symbol Approximate* ` Electrical 
$ mass (amu) charge 
1. Electron e or ~%e 0.0 per 
2. Proton p or,1p 1.0 *1 
3. Neutron n Or im à 1.0 0.0 


2. The Nucleus of the Atom 


In 1911, Rutherford made an experimental study of the 
scattering of high-speed* alpha particles (helium ions, He?*) by a 
thin gold foil, These heavy positively charged particles, along 
with. other high energy particles, are given off by radioactive 
elements, The alpha particles from polonium were directed in a 
narrow beam ata gold foil 0 003 mm thick (approximately 10,000 
atoms across). The direction in which the alpha particles moved 
was detected by using a movable screen coated with zinc sulpbide. 
The screen was moved in an arc around the centre of the foil 
(Fig. 1-4). When an alpha particle strikes the screen a point-flash 
of light is sent out. 


polonium in screen 
lead block 


N 


— — 


-Fig. 1-4. Scattering of q-particles by a thin gold foil (entire 
apparatus is enclosed in an evacuated container). 


Three observations were made with regard to the course of 
the alpha particles. First, most alpha particles passed through 
the foil without a change in direction as if the foil did not exist. 
Second, some of the alpha particles were deflected slightly. And 


*The atomic mass unit, amu, is defined as 1/12 of the mass of an atom 
of C-12 isotope, ! ic. It approximately equals 1.66 x 10-27 kg. 


**Tbe speed is 2 x 109 cm/sec. 
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third, a few alpha particles were very sharply deflected, sometimes 
almost straight back. These observations led to the following 
conclusions : à 


(1) The atom is largely an empty space since most of the 
alpha particles pass undeflected through the gold foil. 


(2 The atom has a heavy, extremely small positivel y charged 
body at its centre, called the nucleus of the atom. Owing to its 
positive charge and high concentration of mass, the nucleus causes 
the positively charged alpha particles hitting it or, approaching it 
to bounce back or deflect sharply (Fig. 1-5). 


detector 


Ly alpha rays" 


deflected ^ 
alpha rays 


Fig. 1-5. Paths of alpha particles through an atcin represented by the large 
circle; the small black circle represents the nucleus of the atom. 


3. Rutherford's Model of Atom 


On the basis of his conclusions drawn from the alpha 
particles scattering experiment, Rutherford proposed the planetary, 
or nuclear, mode! of the atom. In this model the protons and 
neutrons are all packed at the centre of the atom in a tiny nucleus 
only about 1/10,000th the diameter of the whole atom. The nucleus 
thus contains all the positive charges (due to protons) and, essenti- 
ally, all the mass. Since atom is electrically neutral, the number 
of electrons in an atom is equal to the number of protons in the 
nucleus. The electrons occupy .the vast outer region of the atom. 
The limit of space in which the electrons were distributed deter- 
mined the size of the atom. The electrons were not stationary, as 
in that case they would be drawn into the positive nucleus by 
electrostatic attraction, but moved continuously at great speeds 
around the nucleus in well defined orbits (as the planets do around 
the sun; hence the term ‘planetary model of atom’), The centri- 
petal force of moving electrons balanced the electrostatic attraction*. 


2 
“If qi is the charge on the nucleus and qs is the charge on the orbiting 
electron whose mass is m, velocity is v, and orbital radius is-r, then 
THE - m 
r2 r 
electrostatic cnetripetal 
attraction force 
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This stopped the electrons flying off into space or getting drawn 
into the nucleus, and thereby held the atom together, The orbiting 
electrons have little or no effect on the alpha particles. 


With its. mass, though negligible, and unit negative charge, 
an electron may possess both kinetic energy (motion energy) and 
potential energy (energy of position), An electron near the nucleus 
is strongly attracted by the nucleus and has a low potential energy. 
An electron farther away from the nucleus is less firmly held and 
hasa high potential energy. An electron also possesses kinetic 
energy, related to its mass m and velocity v by the relationship 
KE =} mr. 


3-1. The atomic number. The nuclear charge or the number 
of unit positive charges on the nucleus is called the aromic number 
of the element. It is numerically equal to the number of protons in 
the nuclebs. For example, the nucleus of sodium atom has 11 pro- 
tons. So, the atomic number of sodium is 11 and the nuclear charge 
+11. Since the number of protons in any neutral atom must be 
equal to the number of electrons, the atomic number also gives the 
number of electrons. Thus, the sodium atom has 11 electrons. 


3-2. The mass number. The number of protons in an atom 
plus the number of neutrons is called the mass number. Since, the 
mass of a proton and a neutron are each almost } and the mass 
of the electron is negligible, the mass number is essentially equal 
to the atomic mass in atomic mass unit (amu). The number of 
neutrons present in a given atom is obviously equal to the mass 
number minys the atomic number. 


Mass number(A)=total number of protons and neutrons 
Atomic number (Z)—number of protons 
Mass number —atomic number —number of neutrons 


The general notation that is used to represent the mass 
number and atomic number of a given type of atomic is 


zB 


Where E=the symbol of the element, superscript 4—the mass 
number (in amu), and subscript Z =the atomic number. 


3-3. Isotopes. An element often has two or more different 
kinds of atoms which have the same atomic number but different 
atomic masses or mass numbers. The atoms of the same element 
having different masses are called isotopes. Obviously, the different 
isotopes of an element have the same number of protons and the 
same number of electrons, but different number of neutrons. For 
example, there are two isotopes of chlorine, Each of these isotopes 
has 17 protons and 17 electrons (atomic number—17). However, 
the number of neutrons in one is 18 and in the other 20. The mass 
number of the isotopes baving 18 electrons is 35 and that having 
20 electrons is 37. These isotopes are called chlorine-35 (?§Cl) and 
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chlorine-37 (31C]) respectively.* Hydrogen has three isotopes. 
Their atomic number is 1 but their mass numbers are 1,2, and 3. 
That is, each isotope has 1 proton in the nucleus and 1 electron, 
but the nucleus in one isotope contains 1 proton only, in the other 
] proton and 1 neutron, and in the third | proton and 2 neutrons. 
` These isotopes are symbolized }H, 3H, and. 1H respectively. 


It should be clearly understood that mass number is associa- 
ted with a single isotope and is not synonymous with atomic weight. 
The atomic weight of an clement is the weighted average of all of 
its naturally occuring isotopes. Hence, the atomic weights of 
many elements, unlike the mass numbers of their individual 
isotopes, are not close to whole numbers. 


4. Limitations of Rutherford’s Nuclear Atom 


Rutherford’s nuclear “model of atom suffers from two major 
weaknesses : 


1. It does not provide a stable ' atom. electron 
According to classical physics, a charged 
particle like electron moving in a curved 
path around the nucleus would radiate energy. 
As a result, it would slow down gradually 
to eventually spiral into the nucleus (Pig. 1-6). (+) 


2. It does not explain the origin of the 
atomic spectra of the various elements consist- 
ing of bright lines separated by dark spaces. 
Each line in such spectra corresponds to a 
particular frequency; each dark space corres- Fig. 1-6. The eiectron 
ponds to a frequency range in which no light spiralling back into 
is emitted. In the Rutherford’s model, the the nucleus in Ruther- 
electron would gradually lose energy in the — ford's nuclear atom. 
from of light (electromagnetic waves), It wili, therefore, gradually 
slow down and spiral into progressively smaller orbits. The 
wavelength of the emitted light would therefore change in a con- 
tinuous manner according to the frequency of rotation of electron 
in the orbit. As such, the continuous energy change would result 


in p continuous spectrum representing all wavelengths of emitted 
light. 


The foregoing objections against Rutherford's model were 
met by Niels Bohr who in 1913 proposed a model of atom based 
on quantum mechanics. This model successfully explained the 
atomic spectrum of hydrogen. 


5. Nature of Light and Types of Spectra 


Light has been Shown to have a particle nature and to be 
transmitted by a wave motion. 


*In discussing radioactive elements the atomic number is often deleted: 
from the notation 2E, Thus 3 $CI becomes 35C], 
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5-l. Light as wave motion. Light is made up of electro- 
magnetic waves characterized by wavelength, frequency, and velo- 
city. The wavelength A or lambda is the distance from crest to crest 
in the wave motion (Fig. 1-7). The frequency v or nu is the number 
of waves moving past a point in a unit of time. Since all light 
waves travel at the same speed, c, in a vacuum, as the wavelength 
increases, the.frequency decreases, The relationship between the 
wavelength, frequency. and speed of an electromagnetic radiation 
is expressed by the equation 


c=Av 


The units for the terms in the above equation are usually expressed 
in centimetres and seconds. 


WEE Phe Ee Mere URBES aS 
b DMA 
wave BA NN NAAN 


Fig. 1-7. The wavelength aa’ of wave A is longer than the 
wavelength bb’ of wave B. If both waves travel at the same 
velocity (as in the case of light waves), the frequency of 
wave A is less than the frequency of wave B. That is, for 
waves travelling at the same velocity, as the wave- 

length increases, the frequency decreases. 


Electromagnetic radiations of various types having different 
wavelengths or frequencies are now kaown, e.g., gamma radiation, 
X-rays, ultraviolet radiation, visible light, infrared radiation, etc. 
The result obtained when electromagnetic radiations are resolved 
into their constituent wavelengths or frequencies is called a 
spectrum or electromagnetic spectrum. The visible region of the 
electromagnetic spectrum is a small portion of it to which our 
eyes respond, the different wavelengths being seen as colours, 
This region is what is ordinarily called light. Radiations of al! 
wavelengths are detected by instruments called spectroscopes, 
Spectrometers, or spectrographs depending upon the means 
employed for the detection of the radiation. 


5-2. Light as a form of energy. Light is a form of energy. 
This is why the sunlight gives us warmth. Light is emitted as 
particles, called photons, carrying definite quantities or quanta 
(singular, quantum) of energy. The energy is not identical for all 
photons. For examples, photons of violet light have more energy 
than those of green light which, in turn, have more energy than the 
photons of red light. According to Planck’s quantum theory of 
light, the energy E of the photon is directly proportional to the 
frequency v of the light epi : 

=y 


where h is a constant called Planck's constant in honour of Mex 
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Planck, That is, higher the frequency (or lower the wavelength), 
the more energetic are the corresponding photons. 


5-3. Continuous spectrum. When’ white light (sunlight or the 
light rrom an incandescent solid, e.g., a tungsten ribbon heated to 
1000°C) is passed through a prism, a ‘rainbow’ of colours or a 


diag 


Fig. 1-8. A continuous spectrum is one in which all frequencies 
of electromagnetic radiation, between certain limits, are present. 


continuous spectrum is produced. This is because the energy of 
white light is distributed over a continuous range of light frequ- 
encies that include the entire visible spectrum. Different 
frequencies (colours) are bent through different angles by the 
prism. That is, the different colours in the spectrum correspond to 
different frequencies. Light energy of the highest frequency 
(shortest wavelength) is bent most to yield the violet colour at one 
end of the visible spectrum, and that o! the iowest frequency 
(longest wavelength) is bent least to yield the red colour at the 
other end. The frequencies lower than the frequency of red light 
are called infrared frequencies, The frequencies higher than the 
frequency of violet light are called ultraviolet frequencies. Thus, 
à continuous spectrum consists of light (radiation) at al! frequ- 
en.ies varying in a continuous manner (Fig. 1-8), 


5-4. Line Spectrum. When atoms in the gaseous state are 
subjected to an electrical discharge or a high temperature flame, 
they absorb energy and are said to be excited. The*excited atoms 
emit eaergy in the form of light 


radiation. The spectra of light 
thus emitted shows a series of 
bright lines* separated by gaps 


or dark spaves (Fig. 1-9), Each _. ; ; 
bright line corresponds to a Fig. 1-9. Aline (or atomic spectrum) 


A S $ is one in which only certain frequencies 
definite frequency emitted; each of electromagnetic radiation. appear 


gap between two adjascent lines 
corresponds to a frequency range not emitted by the excited atoms. 


*These lines can bè recorded on a photographic film in a spectrograph 
and the wavelength of light producing any particular line can be calculated from 
its position on the film, 
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Such spectra in which definite lines may be seen are called Zine 
spectra. Because line spectra are caused by energy changes taking 
place within an atom they are also called atomic spectra. The 
light from a mercury vapour lamp or from solid sodium chloride 
heated in a Bunsen flame provides a line spectrum. Each element 
produces a line spectrum unlike the spectrum of any other element 
—a sort of fingerprint ! 


The fact that the line spectra of elements consist of compo- 
nents of only specific and not all wavelengths or definite energies 
is significant. It shows that the atoms release energy in certain 
fixed (quantized) amounts. This is possible only if the electrons 
releasing these particular amounts of energy have certain fixed 
energy levels and are not distributed randomly about the nucleus. 
The energy will be released in fixed amounts only when an electron 
jumped from a higher energy level to a lower one; if it flowed 
through, all the possible different values of energy will appear 
(i.e., a continuous spectrum will result), 


6. Bohr's Atomic Model 


To account for the line spectra of atoms, Niels Bohr, in 1913 
proposed a model of atom based on the quantum theory of radia- 
tion. The fundamental principle of the quantum theory is that 
radiatlon energy is not absorbed or emitted in continuous amounts 
but in separate, very minute bur definite quantities, called energy 
quanta. A quantum of energy, £, is not fixed, but is directly pro- 
portional to the frequency of radiation v which, by its absprotion 
oremission, causes the change in energy. This relationship is 
expressed as 


E=hy 


or, in terms of the wavelength (A) of the radiation and the velocity 


of light (c) as 
hort: c 
z-E( : v=<) 


where h is Planck’s constant, 6°62 x 10-7?" erg-sec, or 3°99 x 10719 
kJ moli. 


6-1. Main postulates of Bohr's atomic model. These are— 


1. The electrons revolve about the nucleus in certain fixed 
orbits only. While an electron remains in a given fixed orbit, it 
does not radiate energy and, therefore, the amount of energy it 
possesses is unchánged. Such orbits were called stationary states. 
The term stationary state signifies that the energy of the electron 
is stationary and not changing with time; it does not mean that 
the electron is stationary. 
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2. Each orbit or stationary state is characterized by a 
definite but different amount of energy.* The atoms of each 
element have a set of special stationary states with a corresponding 
set of energies, The association of a definite quantity of energy 
with each orbit has led to the use of the term energy level as 
interchangeable with orbit. 


The idea that the electrons in an atom can have only certain 
characteristic 'values is often expressed by the statement that the 
energy of the electrons in quantized. Quantization means that the 
quantity does not vary continuously. Thus, the electrons in an 
atom can lose or gain energy in discrete amounts only. This can 
be compared to a ladder on which one can move from one step to 
another but not part way in between. We can say that the distance 
covered on a ladder is quantized (this is not so in a moving lift on 
which the distance varies continuously). 


3. An electron may move from one energy level to another. 
The movement of an electron from a lower energy level to another 
of higher energy involves absorption of one quantum of energy** 
Conversely, when an.electron moves from a higher energy level to. 
a lower one, it emits one quantum of radiant energy. 


6-2, Interpretation of atomic spectra, The electrons in an 
atom tend to remain in such orbits that the energy of the atom is 
minimum. , The atom ‘is then in its most stable state, and is said 
to be in the ground state By absorption of energy, however, the 
electrons can jump over to a higher ullowed energy level. The 
atom is then said to be in an excited state. The excited electrons 
do not remain in higher energy levels for long; they lose extra 
energy by emitting light and move back to a lower energy evel. 
Since only fixed levels of energy exist, only certain energy changes 
can occur. Thus, if the energy Of one stationary state is E, and 
that of another with lower energy is Fh, an electron passing from 
the first to the second would cause an energy change of E,—E;. 
This energy change represents one quantum of radiant energy, hy, 
where v is the frequency of the radiation emitted. That is, 


hy =E;—F; 


Thus, the frequency (v) of the radiation emitted will depend upon 
the energies of the two levels involved in the transition of electron. 
Each transition will produce a spectral line of definite frequency 
(or wavelength). , 


*Here Bohr departed from the atomic models based on classical physics 
that permitted orbits corresponding to all possible energies. 


**In the atom, the negative electron is attracted by the positively charged 
nucleus. In order to. move to a higher energy level, an electron must gain 
potential energy equal to the work done in overcoming part of the attractive 


force of the nucleus. 
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Under ihe influence of electric discharge or strong heat, the 
electrons in the individual atoms of a gas are excited to different 
extent. Each excited electron tends to return to a lower energy 
level and may stop at any one of the fixed levels on the way back 
(Fig. 1-10). The greater is the distance between the orbits between 
which the electron passes backward, the higher is the frequency of 
the radiation emitted. [n any atom, the energies of various orbits 
have certain fixed values So, the frequencies (or wavelengths) of the 
emitted radiation can have only some special values characteristic 
of the atom. - Since the electrons do not lose energy in continuous 
amounts, radiations of all possible frequencies are not produced 
and the spectrum is discontinuous. 


electrons excited by absorbing energy 


n=6 


Fig. 1-10. Electron transitions responsible for lines in atomic spectra. 


7. The Hydrogen Spectrum 


When a bigh voltage is passed through hydrogen gasatlow 
pressure in a discharge tube, some of the molecules are dissociatec 
into atoms and violet light is emitted. This light, when passed 
through a prism,*produces a spectrum having distinct lincs (Fig. 
1-11). The lines in the visible portion of the spectrum can be seen 
by eye. but those in the ultraviolet and infrared regions are 
observed photographically. 


discharge tub 
containing 


hydrogen i 


Fig. 1-11. Spectrum of light emitted by hydrogen atoms. 
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Thelines observed in the visible region of the bydrogen 
spectrum are called the Balmer Series. They consist of a red line, 
a blueline;a green line, and a series of violet lines increasingly 
close together at lower wavelengths ( Fig. 1-12). These lines are 
produced by the electrons falling back from the outer, i e., higher 
energy levels to the second energy level (n—2). The orbits or 
energy levels are numbered 1,2,3,4..., counting outward from 1he 
nucleus,* This number is called the principal quantum number, 
which is given the symbol n. 


= ^ aon 

g S $9 5 $ 
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red blue violet continuum 
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Fig. 1-12. Spectrum of hydrogen in the visible region (Balmer series); 
the line at the left, with the longest wavelength is Hq corresponding 
to he electron transition from the state n=3 to the state n —2. 


There are in all five series of spectral lines in the hydrogen 
spectrum’ (Table 1-2, Fig, 1-13). These are called the Lyman 
series, the Balmer series, the Paschen series, the Brackett series, 
and the Pfund series, 


Table 1-2 Serles of lines in the hydrogen spectrum 
Name of Regions of Resulting from electrons 
seres spectrum - dropping to energy level 
1, Lyman series ultraviolet n=1 (the lowest or 
ground state) 
2. Balmer series visible/ultraviolet n=2 
3. Paschen series infrared n=3 
4. Brackett series infrared n=4 
5. Pfund series infrared n-$ 


NEGLI Se 
*The orbits are sometimes denoted by the jetters K,L,M,N, etc, corres- 
ponding to n7 1,2,3,4, etc 
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Series ransitions. 


Fig. 1-13. Series of spectral lines in the emission spectrum of hydrcgen 
(Pfund series not shown; The numbers n=1,2,3...... 
represent various energy levels). 


As in the case of Balmer series, the spectral lines in all other 
series converge towards bigher frequencies (lower wavelengths), i.e., 
crowd closer together until the continuum or limit is reached. The 
convergence limit ofthe Lyman series, as also of the other series, 
approaches the ionization energy of hydrogen electron which 
is the energy necessary to completely pull it away from the 
atom. This fact suggests that the electron can exist in certain 
fixed distance energ@levels aud not randomly about the nucleus. 


From Bohr's model it is possible to calculate the energies of 
various stationary states in the hydrogen atom. The frequencies of 
the radiation emitted in varíous transitions can also be calculated 
by using the relationship Es—£;-Av. The calculated values of 
frequencies are in excellent agreement with tbe experimentally 
determined values This success gave good support to Bohr's 
model of the atom, 


Though the hydrogen atom consists of only one electron, the 
spectrum of hydrogen atoms shows a large number of lines. This 
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is because even a very small quantity of hydrogen yields a very 
large number of atoms In different excited atoms, the electrons 
go through every possible transition involving energy levels from 
the ionization limit to the ground state. This makes a complete 
spectrum possible. 


8. Atomic Orbitals 


The Bohr model has electron orbi@ of definite radii and 
energies. Thus, it assigns simultaneously an exact position and 
definite energy to a given electron. This view is no longer tenable. 
According to Heisenberg’s uncertainty principle, "it is impossible 
to determine simultaneously the exact position and the exact 
energy of an electron", The more accurately the energy or 
velocity of an electron is known, the less accurately its position is 
defined, and vice versa Any attempt to determine. the position of 
an electron in an atom would require high energy photons to 
illuminate it. Such photons will displace the very electron which 
is sought to be located by colliding with it, Thus it is impossible 
to determine precisely the position of an electron within the atom 
at any given movement, All that can be done is to define the 
region in space where the probability of finding the electron is 
greatest, 4 region in space near the nucleus in which there is a very 
high probability of finding an electron is called an atomic orbital 
or simply orbital. An electron occupies a whole orbital and does 
not move in any defined orbit. 


The electron in an atom is actually believed to move at' great 
speeds toward and away from the nucleus in every possible 
direction. If one could determine the momentary whereabouts of 
the electron in the hydrogen atom over a long period and record 
it each time by placing a dot, a spherical pattern will be obtained 
(Fig. 1-14 a). This pattern is called an electron cloud diagram. It 
is most dense near the nucleus and has no distinct edge. That is, 
at one time the electron may be at the nucleus and at another 
time far away from the nucleus. Commonly, instead of charge 
clouds, their boundaries are drawn enclosing a region in which the 
probability of finding the electron is greater than ninety five per 
cent (Fig. 1-14 b). The distance of this boundary from the nucleus 


(a) (b) 
Fig. 1-14. Representations of an electron cloud. 
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is the radius of maximum probability of electron presence. It is 


o 
053 A, the same as calculated from the Bohr's model, But while 
Bobr thought that the electron of hydrogen was always at that 
distance, the orbital concept indicates that the electron is most 
likely at the distance, Or, there is a greater probability that the 


electron is at a distance of 0:53 A from the nucleus than at any 
other distance, 


An electron in a given orbital is associated with a definite 
energy. The energy is lower if the orbital is close to the nucleus 
as the electron is more strongly attracted, The change in energy 
from one orbital to another is not continuous, but quantized, i.e., 
ihe change occurs jumpwise in definite portions or quanta. 


It is found that an orbital can accomodate no more than two 
electrons (see Sec. 12), In other words, an orbital may contain no 
electrons, or it may contain one or two electrons and is said to 
be unoccupied, singly occupied, or doubly occupied respectively. 


9, Energy Levels, Sublevels, and Orbitals 


Every spectral line of hydrogen has been found, under great 
magnification, to be composed of two or more closely spaced lines, 
Since each spectral line corresponds to the movement of electron 
trom one energy level to another, this observation points to the 
presence of extra, closely spaced energy levels within the energy 
levels of the hydrogen atom. When the excited atoms are placed 
in a magnetic field, some single lines are split into closely spaced 
clusters (Zeeman effect), Obviously, new energy levels are created 
in the presence of a magnetic field. All this experimental evidence 
indicates that each -energy level is composed of one or more sub- 
levels, each having a slightly different energy, and each sublevel is 
composed of one or more orbits, 


9-1. Energy levels. The non-radiating orbits of electrons 
around the nucleus are called energy levels or shells. Each energy 
level is specified by a principal quantum number, n, which has 
whole number values 1,2,3,,,...outward from the nucleus, In the 
older notation, the energy levels were lettered K,L,M,,,...., etc. 
(Fig. 1-15). The energy levels increase in energy as they increase 
in distance from the nucleus. That is, the nearer the electron is to 
the nucleus, the less energy it has as it is more strongly attracted 
by the nucleus; the further away it is, the more energy it has. As an 
electron absorbs energy it goes from one energy level to anotber, 
and not partway between. That is, the energy of the electrons in 
various energy levels is quantized. 


The maximum number of electrons in each energy level is 
2n* where n is the the number of the energy level. Therefore, in 
the first energy level (n1) the maximum is 2X I*=2, in the second 
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energy level (n—2) the maximum is 2X 2*—8, in the third (n—3) it 
is 2x 3*8, and so forth, 


i NW 


28] J/ / 


Fig. 1-15, Energy levels. 


9-2. Energy sublevels. Each main energy level is divided 
into sublevels or subshells containing electrons that have slightly 
different energies. The number of sublevels in an energy level is 
equal to the number of the energy level. The first energy level has 
only one sublevel, called 1s; the second energy level has two 
sublevels, called 2s and 2p; the third energy level has three sub- 
levels, called 3s, 3p, and 3d; and the fourth energy level has four 
sublevels, called 4s, 4p. 43d, and 4f. In their ground states (in 
which the electrons occupy energy levels nearest the nucleus), 
atoms have only these four sublevels of energy, s, p, d, and f*. 
On an average, an s electron of an energy level approaches closer 
to the nucleus than a p electron, a pelectron closer to the nucleus 
than a d electron, and so on. Thus, the energies of the subjevels of 
a given energy level vary in the order s<p<d<f, 


Each type of sublevel has a maximum number of electrons 
that it can hold. An s sublevel can hold a maximum of 2 electrons, 
a p sublevel can hold a maximum of 6 electrons, a d sublevel can 
hold a maximum of 10 electrons, and an f sublevel can hold a 
maximum of 14 electrons. 

—— 

*The letters s, p, d. and f come from the spectroscopic terms sharp, 

principal, diffuse, and fundamental, which were used to describe the lines in the 


atomic spectra. 


—— ^ 
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.. 9-3. Orbitals. Each energy sublevel or subshell is composed 
of one or more orbitals, The set of orbitals that make up a parti- 
cular sublevel are all of equal energy, except in the presence of an 
external magnetic field. An s sublevel has one s orbital, a p sublevel 
consists of a set of three p orbitals, a d sublevel consists of a set 
of five d orbitals, and an fsublevel consists of a set of seven f 
orbitals. Each orbital can accomodate a maximum of two 
electrons. Thus, the maximum number of electrons is 2 in an s 
sublevel with one orbital,-6 in a p sublevels with three orbital? 10 
x il sublevel of five orbitals, and 14 in an f sublevel with seven 
orbitals. 


It is obvious that the electrons actually occupy orbitals rather 
than shells. When a principal shell has all its orbitals occupied by 
two electrons of opposite spins, it is said to be completely filled. 


10. Quantum Numbers 


An electron within an atom is specified by four quantum 
numbers : (1) the principal quantum nember, (2) the subsidiary or 
azimuthal quantum number, (3) the magnetic quantum number, and 
(4) the spin Quantum number.* 


1. The principal quantum number, n, can have any positive 
integral value from one on— 1,2,3,4,......etc, The value of n 
specifies the main energy level and is related to the size of the 
electron cloud. Increasing values of n correspond to incseasing 
Size of the electron cloud and, therefore, to increasing distance 
from the nucleus and increasing energy for the electron. ‘ 


, The orbitals having the same value of n constitute a particular 
main energy level or electron shell, " 


2. The subsidiary quantum number, l, has numerical values — 
related to n; / can have any integral value from 0 to (n—1)in- 
clusive. When n—1, Z can have only the value of 0; when n=2, 1 
can be 0 and 1; when n=3, / can be 0,1, and 2; and so on. The 
value of | describes a particular sublevel within a given main energy» 
level and determines the shape of the electron cloud. For 1-0, e $ 
electron cloud is spherical and for /—1, the electron cloud i$. > — 
dumbbell-shaped. The sublevels with the values of /=0, 1, 2s and 
3 are designated by letters $, p, d, and f respectively, In any given ~~ 
energy level, the energy of the sublevels increases in the order - 
s<p<de<f, $ 


y 


Since for any value of n there can be n different values | osi g 
(0 to n—1 inclusive), the number of sublevels or subshells in a gi T 
energy level is equal to its principal quantum numbers, n. The fire 
energy level contains only one sublevel, the s sublevel, the secon 
energy level contains two sublevels, s and p, the third energy lévBl 
a a | 

"The first three quantum irs Come öm the allowed solutions 


complex equation, catled the Se! Inger, wavs sacan 
number arises from oter considerations. Bebe ron, 
f, QD Date 
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has three sublevels, s, p, and d; and the fourth energy level has 
four sublevels, s, p, d, and f. 


Table 1-3. Sublevels for first four energy levels 
Principal quantum Number of Subsidiary quantum Notation for 
er, n sublevels numbers (0 to n—1) sublevel 
H 1 0 1s 
2 2 0,1 15, 2p 
3 3 0,1,2 3s, 3p, 3d 
4 4 0,1,2,3 4s, 4p, 4d, 4f 


3. The magnetic quantum number, m, also has integral values 
which depend on the value of /. This can have any integral value 
from —/ to +/, including zero. Thus there are (27+ 1) values for m 
for any given value of /. For each value of m there is an electron 
orbital in the energy sublevel. So the total number of different 
"ric within a given sublevel (designated by the value of /) is 
2I4-1. 

The values of m specify the orientations in space for an 
electron cloud, When /«0 (s sublevel), m has only one value 0; 
therefore there is only one orientation in space—sphefical—or a 
single orbital. This orbital is called an s orbital. When /=1, (p 
sublevel), m can be —1,0, and +1; therefore there are three 
orientations in space or three orbitals in the sublevel. These 
orbitals are called p orbitals. When /=2 (d sublevel), m can be 
—2, —1, 0, +1, and 4-2; there are five orientations in space or five 
d orbitals in the sublevel. When /=3 (f sublevel), m can be 
—3, —2, —1, 0, +1, +2, and +3; therefore there are seven orien- 
tations in space or seven d orbitals in the sublevel. 


Table 1-4, Number of orbitals in sublevels 
Subsidiary quantum Notations for Magnetic quantum Number of orbitals. 
number, | sublerel number, m (—1 to+1) in the sublevel 
o " 0 gx 
1 pP —1,0,*1 3 
2 d —2,—1,0,*1,*2 5 
3 f —3,—2,—1, 0,41, *2, * 3 7 


All orhitals of a given sublevel (same value of / but different 
values of m) have the same energy because they differ only in 
direction, not in size or shape of their distributions. When an 
atom interacts with other atoms or with an external magnetic or 
electrical field, the spatial arrangement and energy by the orbitals 
is slightly changed.* 


, “Owing to its charge, a moving electron itself creates a magnetic feld, 

the direction of which is at right angle to the plane of the orbit (Comite with 
‘the magnetic field produced by a current in a coil of wire). In an external: 
_ Magnetic field, the magnetic fields of the electrons take up definite orientations 
! ESTE e acd Re the CANC fined bees Sel Sani in tbe energy of the 
ti $ 

MM Lm de ntical energy in the absence of externa! 
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4. The spin quantum number, 5, describes the spin of the 


electron. |n some cases it was 
split still further into two lines 
(doublet). This was explained 
by assuming that an electron, 
while moving in an orbit. spins 
on its axis like a tep. The 
energy of the spin is also quanti- 
zed, and cur have either of the 
two values: --b/27 and —h/27. 
The direction of the electron spin 
is specified by the spin quantum 
number, s. It has only two 
values +4 and —} corresponding 


found that spectral lines were 


Fig. 1-16. Electron Spinning in a 
clockwise motion (left) and in an 
anticlockwise motion (right). 


to clockwise and anticlockwise spin respectively (Fig. 1-16). 
11. Size, Shapes, and Orientations of Orbitals 


The size, shapes, and orientation in space of electron orbitals 
are related to values of n, /, and m, respectively, An s orbital (10), 
regardless of the values of n, has the shape of a sphere surrounding 


the nucleus, 
(Fig. 1-17). 


Thus, it has Only one possible orientation (m=0) 
The probability of 


finding the electron is maximum 


within a certain distance from the nucleus which is taken as the 
radius of the s orbital. The size of the orbital increases with the 


increasing value of n. 


the 1s orbital (n—1) but smaller 


Thus, the 2s orbital (n—2) is larger than 


than the 3s orbital. The 2s 


orbital is thus a larger Sphere concentric with and encompassing 


the much smaller 1s orbital (Fig. 1-18). 


The Is and 2s orbitals 


are separated by a zone of zero electron density, 


Fig. 1-17. Thes 
orbital. 


Fig. 1-18. The I s and 
2 orbitals, 


Fig. 1-19. The three 3 p 
orbitals, 


,, The p orbitals (/=1) have the shape of dumb-bells concentric 
with the nucleus, and have three orientations (m=—1, 0,--1). The 
three p orbitals are located at right angles to each other in space 
along x, y, and z axes. The corresponding orbitals are termed Pr, 
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not think that each Part of the dumbbeil has one electron out of 


the pair of electrons. 
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Fig. 1-20. (left) px orbital; (centre) py orbital; (right) ps orbital. 


The shapes of d and f orbitals are more complicated, and 
their representation is omitted here. It may be noted, however, 
that a set of p orbitals taken together gives nearly a spherical 
shape (Fig. 1-19), and the same is true for a set of d orbitals and 
f orbitals. That is, when each orbital of a sublevel is equally 
occupied by one or two electrons, the electron cloud for the whole 
sublevel is spherical. 


Keep in mind that the shapes of orbitals shown in the 
foregoing figures represent three-dimensional digrams and the axes 
shown are not part of the atom; they are simply a notation used 
in discussing orbitals and electron clouds. 


12. Pauli Exclusion Principle 


Pauli exclusion principle is an important rule that governs 
the occupation of orbitals by electrons in many-electron atoms. It 
states that no two electrons in an atom can have al! four quantum 
numbers the same. if one electron in an atom has a particular set of 
the four quantum numbers n, 7, m, and s, all other electrons in that 
atom are excluded from having the same set of values (whence the 
name exclusion principle). In other words, a given set of quantum 
numbers n, l, m, and s can characterize only one particular electron 
in an atom. Since the electrons occupying an orbital have the 
same values of n, 7, and m, they must have different values of s. 
However, s has only two values +4 and — 3 corresponding to the 
direction of the electron spin, Therefore, an orbital can accomo- 
date not more than two electrons which have opposed spins—one 
having the value +4 and the other —3 for the spin quantum 
number. The two electrons with opposed spins in an orbital are 
said to be paired; these are represented by a pair of opposed 
arrows (L. When an orbital has only one electron in it, we say 
that the electron is unpaired. 


By applying Pauli exclusion principle and permutating the 
quantum numbers, the maximum number of electrons which can 
be contained in only energy level can be easily calculated. This is 
illustrated in Table 1-5 (page 25) for tbe first three energy levels. 
It may be noted that as one progresses from one main energy 
level to the next higher one, a new sublevel is added in addition 
to those existing in the preceding main energy level. Thus, in 
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addition to the sublevels in the third energy level (n—3), the fourth 
energy level (n-4) has a new 4f sub-level (/—3). This sublevel 
will have seven orbitals with quantum numbers —3,—2.—1, 
0,--1,4-2, and--3. These seven orbitals will accomodate a total 
of 14 electrons. So, the maximum number of electrons in the 
fourth energy level will be 18 (as in the third energy level) plus 
14, i.e., 32 


13. Relative Energies of Energy Sublevels 


Within each energy level, the s sublevel is of lower energy 
than the p sublevel, which is of lower energy than the d sublevel, 
and so on. That is, the energies of the sublevels in an energy level 
vary in the order s<p<d<f. This is because of the differencés in 
angular momentum of the electrons in these sublevels, Angular 
momentum increases with the value of /, i.e., in the order 5, p, d, f. 
As a result an s electron approaches closer to the nucleus than 
a p electron, a p electron closer to the nucieus than a d. electron, 
and so on causing small energy differences. However, the spread 
in energy between the sublevels of a main energy level is wide 
enough to cause overlap between the sublevels of different energy 
levels, Such overlap starts beyond the 3p sublevel, The three 
sublevels of the third main energy level (n3) differ in energies in 
such amounts that the 3d sublevel has higher energy than the 4s 
sublevel. The differences in the energy of various sublevels are of 
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Fig. 1-21. Relative energies of the sublevels in the various 
energy levels (up to n— 7). 
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Significance in determining the order in which electrons occupy the 
orbitals in building up atmos. 


The relative energies of the sublevels in the various energy 
levels increase in the order [s, 2s, 2p. 3s, 3p, 4s, 3d, 4p, 5s, 4d, Sp, 
6s, 4f, Sd, 6p, 7s, 5f,\6d. 7p (Fig. 1-21). It must kept in mind that 
the various orbitals within any given sublevel are all of equal 
energy. 


14. Representation of Electronic Configuration 


. „The ground state electronic configurations of atoms, i.e., the 
distributions of electrons in energy levels and sublevels are rep- 
resented by the notation 

nl” 

where n is the principal quantum number of the energy level, 
indicated by the appropriate number 1,2, 3,...... ; 1 specifies the 
Sublevel by the appropriate letter s, p, d, or f (corresponding to 
1—0, 1, 2, and 3); and x is the number of electrons in the sublevel, 
For example, the electronic configuration of nitrogen is represented 
as Is®, 2s* 2p*. This signifies that a nitrogen atom has 2 electrons in 
the s sublevel of the first energy level, 2 electrons in the s sublevel 
of the second energy level, and 3 electrons in the p sublevel of the 
Second energy level. The three electrons in the 2p level of nitrogen 
atom singly occupy the three p orbitals. This detail of electron 
distribution can be represented as 1s*, 2s? 2ps! 2p! 2p;!, the subs- 
cripts x, », and z specifying particular 2p orbitals. Such details are’ 
usually given only for the electrons of the valence shells. 


Electronic configuration of a few more atoms in the n/* 
notation are given below for illustration : 


Element At. no. Electronic configuration 

Sodium 11 1s2, 2s2 2p6, 351 

Sulpher 16 182, 2s? 2p6, 352 3p4 

Chlorine 17 152, 252 275, 352 3p5 

Silver 47 152, 252 2p6, 352 3p6 3d10, 452 4p6 410, 551 


15. Build-up of Atoms 


When atoms are in their ground state, the electrons occupy 
the lowest energy levels available. The simplest element hydrogen 
has one proton in the nulceus and one electron in the Is orbital. 
Atoms of elements following hydrogen may be regarded to form 
by the addition of one electron to an orbital and of one proton 
and one or more neutrons to the nucleus. The addition of succes- 
sive electrons in the build-up of atoms in governed by the follow- 
ing rules : 

1. The elecirons occupy the orbitals in order of increasing 
energy (Aufbau* Principle). That is the added electron enters an 


*Aufbau (atsara) is a German term meaning construction or bvild-un 
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orbital in the sublevel of lowest energy thus giving minimum 
potential energy or maximum stability to the atom. As a working 
rule, the new electron enters an orbital in the sublevel for which 
the value n+-/ is minimum. If the value is identical for two or 
more sublevels, the new electron enters an orbital in the sublevel 
for which» is the smallest value, Fig. 1-22 is a useful guide to the 
order of increasing energy of the various sublovels. Note that this 
order is the same as given in Sec. 13, page 27. 


img 
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Fig. 1-22. Electron sublevels ia order of increasing energy, 


2. An orbital can be occupled by not more than two electrons 
(Pauli exclusion principle). 


3. The electron occupies a vaccant orbital in preference to 
pairing in a singly occupled orbital in the same sublevel (Hund's 
rule of maximum multiplicity). That is, if two or more orbitals 
are available in the same subleve! (these orbitals have equal 
energy), the electron will enter an orbital which is not already 
occupied by an-electron. This is because a lower energy state 
results if two electrons are in separate orbitals than if they occupy 
the same orbital in which case the electrostatic repulsion is high, 


Hund's rule is illustrated in Table 1-6 for the first ten ele- 
ments. 
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Table 1-6 Filling of orbitals in elements af atomic numbers 1 to 10 - 
Orbital 
At. No. | — 
Element| (no, of "=! NE Remark 
electrons p 
Is | 2s |. 2p, | 2py| 202 
| TIE 1— | t 

H 1 T The electron occupies 1s 
orbital, 

He 2 tL second electron also enters 1s 
orbital. 

Li 3 Tl f New electrons enters 2s 
orbital. k 

Be 4 TLL New electrons pairs with a 2s 
eleetron, 

B 5 Tet New electrons enters a p 
orbital, 

c 6 PLT TIT New electron enters another 
vacant p orbital. 

N 7 14[14| TT T | New electron enters still an- 
other vacant p orbital, 

o 8 TUTO bU 1 New electron pairs with a p 

F 9 Tt4T4| te ete) 1 f siectron in orbital as no 

Ne | 10 TEINS PES FT vacant p orbital is available. 

mirrin 


grams of nitrogen and oxygen given below: 


Note. Electron distribution in oroitals is often shown by electron 
diagrams in whith the sublevels are represented by boxes, one box for each 
orbital, and the electrons with arrows, This is illustrated in the orbilal dia- 


D 


Fig. 1-23. Orbital diagram of nitrogen. 


olf U 


Fig. 1-24, Orbital diagram of oxygen. 


4. Orbitals in an energy level tend to become fully filled or 
half filled with electrons. This is because the fully filled and half- 
filled orbitals have lower energy and, therefore, more stability. 
Thus, chromium and copper take up d? and d!" configuration 
respectively and not the d! and d? configurations, 


Chromium (at. no. 24), in accordance with the first three 


rules for occupation of orbitals by electrons, should have the con- 
figuration 1st, 2s* 2p*, 3s? 3p* 3d*, 4s*. However, the actual con- 
figuration is 15%, 25%. 2p^, 35* 3p^ 345, 4s! because one of the 4s 
orbital electrons moves into the vacant d orbital to make. a more 
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Table 1-7 Electronic configurations of atoms 
(atomic number 1—54) 


15 full 
2s full 
2p full 
1 
2] 3s full 
Neon Core 3 
of 
10 electrons |? 
2 3p full 
2 
2 
1 4 s full 
2 
3 
4 
5 
ron Core 2 3d full 
o 
18 electrons s 


4p full 


fO NO IO I9 F2 I9 T9. — EHI EO F2 — FO F2 E22 =| 


5s full 


4d full 


— c e INI S 


Krypton Core 
of 


36 electrons 


5p full 


1 
2 
2 
2 
2 
2 
2 
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stable half filled 34 sublevel with five electrons (the full quota of 
a d sublevel is IO eiectrons). 


Similarly, copper (at. no. 29) has the configuration 1s?, 2s%, 
2p%, 3s? 3p$ 3d!9, 4s! rather than the expected 1s?, 23? 2p®, 35? 3p° 
3a?, 4s*. [n this case one of 4s orbital electrons moves into a 3d 
orbital to make a stable fully filled 3d sublevel with 10 electrons 


The ground state electronic configurations of the first 54 
elements are given in Table 1-7 on page 30, 


16. Atomic Number 


Formerly, the atomic number of an element signified its serial 
number in an arrangement of elements according to their properties, 
e.g., in the periodic table. It is now established that the atomic 
number of an element is numerically equal to the number of unit 
positive charges ‘on the nucleus of its atom. Obviously, the atomic 
number is equal to the number of protons in the nucleus and there- 
fore, also equal to the number of orbital electrons 


Atomic number is the fundamental! property of the atom. 
This fact was established experimentally by Moseley from a study 
of the X-ray spectra of various elements. Moseley used a discharge 
tube with high voltage and having an anticathode of the metal 
under study (or, an anticathode of platinum on which a compound 
of the element under study is applied), The strong electron 
bombardment on the anticathode excited the electrons of two inner 
shells of its atoms. These electrons on falling back to lower levels 
produced X-rays (Fig. 1-25), These X-rays were spread out into 
spectra on a photographic plate using a crystal of potassium ferro- 
cyanide for diffration. The X-ray spectra showed certain prominent 
lines corresponding to rays of definite wavelengths which were 
characteristic of the element of the anticathode. The X-rays 
corresponding to these wavelengths are, therefore, called charac- 
teristic X-rays and they belong to different series—K, L, M series, 
etc. 


athode rays 


diffracted , 
X-rays s 
jd 


olm Surface 


Fig. 1-25. Emission of X-rays when cathode rays strike the anticathode. 
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Moseiey plotted a graph of the square root of the frequency 
(v) of the characteristic X-rays 
against the atomic number (z). 
He obtained a straight line for 
each-series. When the same fre- 
quencies are plotted against 
atomic weights, no such relation- 
ship is observed, This shows that 
atomic number and not atomic 
weight is the fundamental pro- 
perty of the atom. The atoms of 


wv Frequency 


an element may have different atomic number 
weights (isotopes) ‘but they have Fig. 1-26. Variation of X-rays 
the same atomic number. frequency with atomic number. 


16-1. Determination ef atomic number, The experimental 
determination of atomic number is based on Moseley's law : The 
square root of the characteristic frequency of X-rays jrom an 
element is a linear function of its atomic number. Mathematiceliy. 

v= yaiz —b) 


- where v is the frequency of the characteristic X-ray, a and b are 


constants for the lines of any particular series, and z is the atomic 
number of the element. 


The element whose atomic number is to be determined, is 
‘made an anticathode in an X-ray tube. The frequency of the 
characteristic X-rays, sav of K series, is measured. The atomic 
number is then calculated with the help of the above relationship. 


16.2. Importance of atomic number. (l) Jn characterising 
an element, Atomic number is the most fundamental property of an 
atom since it uniquely determines which element it is, Two ele- 
ments may have the same atomic weights (isobars) or atoms of one 
and the same element may haye different weights (isotopes), but the 
atomic number of an element is its unique property which charac- 
terizes only that clement and no other. 


(2) As the basis of the periodic classification of elements. 
Atomic number is the modern basis for periodic classification of 
elements. According to the modern Periodic law, tne properties of 
elements are a periodic function of their atomic numbers, Periodic 
tables based on atomic numbers ure free from most of the defects 
found in tables based on atomic weights. The determination of the 
atomic number of an element undisputably settles its position in 
the periodic table. 

(3) In pin-pointing undiscovered elements. Moseley's work 
conclusively shows that any gap between two nearest atomic 
numbers corresponds to an undiscovered element. This made the 
prediction and discovery of undiscovered elements possible. Thus, 
the atomic number of molybdenum (Mo) and ruthentium (Ru) were 
found to be 42 and 44 respectively, This showed the existence of an 
element of atomic number 43 which was subsequently discovered. 
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The study of atomic numbers shows that there are no more missing 
elements upto the element with atomic number 195, , 

(4) In elucidating atomic composition. The atomic .number 
of an atom is numerically equal to the,number of. protons in its 
nucleus and the number of orbital electrons. Since atomic weight 
is practically equal to the total number of protons and neutrons, 
the numerical difference of atomic weight and atomic number gives ' 
the number of neutrons in the nucleus. : 


Questions 


1. (a) What are ‘cathode rays’? (b) What properties of cathode rays 
sbow that they are the streams of negatively charged tiny particles of matter 1 


2. What evidence have we that electrons are afnong the constituents of 
all atoms ? : 


3. What are the positive rays ? How are they produced ? What are they 
composed of when produced from hydrogen ? 


4. Give the names along with the relative mass and electrical charge of- 
each one'of the three fundamental particles of atoms. 


5. How can atoms contain electrically charged particles and stiil be 
electrically neutral ? 

6. What tmportant conclusions are. drawn from an experimental study 
of the scattering of fast moving alpha particles by a thin gold foil ? 

7. Explain the terms ‘atomic number’ and ‘mass number" of the atom, 
How can the knowledge ofthe atomic number and the mass number of an atom 
be used to determine the number of the three fundamental particles in it ? 

8. What is the difference between a continuous spectrum and a dis- 
continuous or line spectrum? What type of spectrum is produced by an 
incandescent gas or vapour ? 7 

9. Describe the main postulates of Bohr’s atomic model ? 


10. Name the five serics of lines in the hydrogen spectrum Stating the 
region in which each of them lies. ; 

11, The hydrogen atom consists of only one electron, Yet, the spectrum 
of hydrogen shows a large number of lines. Explain. 


12, State Heisenberg’s uncertainty principle. How has it led to the 
Concept of an atomic orbital ? 


13. What do you understand by the terms ‘energy level? and 'energy 
sublevels’ ? How many energy sublevels exist in each one of the first four energy 
levels ? How are these sublevels designated ? 


14. (a) Name the four quantum numbers which specify an electron 
within an atom. 


(b) What is specified by each type of quantum number ? 


15. Show on a labelled sketch the shapes and spatial distribution of ali 
the orbitals of principal quantum number 2. » 


(Hint. These orbitals are 2s, 2p. 2D» and 2p Aj 


16. What are the limiting number of electrons in the shells K,1,M, 
and N? 


.. 17. State the principle which limits the number of electrons in an atomic 
orbital to two. 


4 18. Explain the maximum number of electrons in the fourth energy level 
in terms of energy sublevels, orbitals, and electron spins. 
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19. What is wrong with each of the following sets of quantum numbers. 


(a) 2,2,0, +4 (e) —1,0, 0, +4, 
(b) 2,0,1, +4 (d) 2, 1, +4.—4 


20, What is meant hy the terms unpaired electrons" and paired 


electrons' ? 

21. How many unpaired electrons are there in 
=14)? 

22. How many unp; 
2117)? 

23, The electronic configuration of an element is represe: 
2p5. What does this signify ? 

24, The electronic configuration of an clement of atomic number 11 can 
be written as 1s?, 2s¢, 2p8, 3st. In the same way write down the electronic 
configuration of an clement of atomic number 35. 

25. What is wrong with each of the following clectron configurations: 

(a) 152,25! (b) 152, 252 2p5, 3p (c) 152, 252 2p8, 352 3p8 3d10 ? 


26. Explain, with suitable examples, each of the following : 


(a) Aufbau principle 
(b) Hund's rule of maximum multiplicity. 
_ 27. (a) Explain the reason why the electron configuration of chromium 
atom is [Ar] 4s!, 3d5 and not [Ar] 4s, 345 ? 
(b) Explain the reason why copper atom has tbe electron. configuration 
152, 2st 2p^, 353 3p6 341^, 4s! and not 15$, 253 2p8, 352, 376 3d9, 45%, 
28. State in brief the significance of atomic number. 
atomic number but different 


29. Why do tbe atoms baving the same 
atomic weights show exactly the same chemical properties? What are such 


atoms called ? 


a silicon atom (at. no. 


aired electrons are there in à chlorine atom (at. no. 


nted as 15°, 252, 


Key 


5. An atom has equal number of protons (each carrying unit positive 
charge) and electrons (cach carrying unit negative charge). : 

13. First gt level has one sublevel designated 15, second energy level 
has two sublevels designated 2s and 2p, third has three sublevels designated 
Bb.) mw 3d, and the fourth one has four sublevels designated 4s, 4p, 4d, 
a * 


16. 2, 8, 18, and 32 respectively. 
17, Pauli's exclusion principle (for statement see page 24). 


18. The fourth energy level consists of sublevels 4s, 4p, 4d, and 4f. The 
4s sublevel consists of a single orbital, the 4p. sublevel consiéts of three orbitals, 
the 4d sublevel consists of five orbitals, and the 4f sublevel consists of seven 
orbitals. So, the total number of orbitals in various sublevels is 1+3+5+7=16. 
Each orbital can be occupied by a maximum of two electrons of opposite spins, 
Hence, the maximum number of electrons in the fourth energy level is 


16x2232 
19. (a) When n=2, I can only be 0 or 1, not 2. 
(b) When 150, m can only be 0, not 1. 
(c) n can only be positive, integral values, not negative. 
(d) m can only be integral values between +! and —l; therefore it 


cannot be +#. 
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20. A single electron in an orbital is an unpaired electron; two electrons 
in an orbital apin in opposite directions (spin quantum number i and —}) 
and are said to be paired. 

21. Using the aufbau order, the electron configuration for silicon is 
152, 2s? 2p6, 352 3p, Since ail orbitals through the 3s sublevel are filled, we 
have to consider only the 3p. orbitals accomodating two electrons. Since, there 
are three p orbitals, both electron will occupy separate orbitals. Hence, there 
are two unpaired orbitals. 

22. The electron configuration of chlorine is 152,25? 259, 35? 3p5. In 
this case five electrons are accomodated in the three 3p orbitals, Hence, two 
of these orbitals will have two orbitals each an one will have only one electron. 
‘Hence, there is one unpaired electron. 

25. (a) An s sublevel can have a maximum of two electrons; 80, it 
cannot be 254. 

(b) The electrons entering third energy level will first occupy s sublevel 
and not the p sublevel, 

(c) According to aufbau principle, the 4s sublevel fills after 3p, not the 
3d sublevel, 

26. (a) Because a half filled 3d sublevel is more stable. (b) Because a 
fully filled 3d sublevel is more stable. 


oo 


The Periodic Table 


The periodic relationship of chemical elements, which is 
reflected in similar elements recurring periodically when properly 
arranged, is the broadest and the most useful single concept in 
chemistry. This relationship is not an accident, it is a direct 
consequence of the structures of atoms. The chemical and 
physical properties of elements are determined by the number 
and arrangements of the orbital electrons, i.e., by their electro- 
nic structures. The elements with similar electronic configura- 
tions, therefore, exhibit similar properties, 


The tabular arrangement of elements which brings out their 
periodicity is called a periodic table. The first periodic tables 
were constructed independently by Mendeleev in Russia and 
Lothar Meyer in Germany in 1869. Many forms of the periodic 
table have been constructed since then. Of these, the so called 
long form periodic table is not only the simplest but also very 
useful for a general study of elements. The most important use 
of any periodic table lies in its ability to accommodate and 
summarize a vast body of facts pertaining to chemical elements 
and their compounds. 


1. Historical Background* 


(1) Prout's hypothesis. The search for regularities among 
the elements began early in the 19th century when only some 50 
elements were known. The first significant attempt was made as 
early as 1815 when Prout ventured a hypothesis that all elements 
were, in some way, multiples of the element hydrogen (Prout's 
unitary hypothesis); In a way, this view is correct if we consider 
how atoms are built up from the same elementary particles. 
However, the evidence at that time was not enough to justify the 
hypothesis, and so it was rejected. 


(2) Dobereiner's triads. In 1829 Dobereiner identified certain 
Eroups of three elements having similar properties which he 
called triads. Some examples of triads are : Li, Na, K; Cl, Br, I; 
and Ca, Sr, Ba. The similarity in the ‘triad elements’ appeared 
to be related in some way to atomic weights since, when 


Tabl *Questions will not be set on the historical development of the Periodic 
'able. : 
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arranged according to increasing atomic weight, the atomic 
weight of the middle element was always midway between 
the atomic weights ofthe other two. Sodium’s atomic weight 
(23), for example, is midway between that of lithium (7) and 
potassium (39). and bromine's atomic weight (80) is about midway 
between chlorine's 35'5 and iodine's 127, However, this relation- 
ship was simply accidental. 


In 1851 Dumas showed that in some cases more than three 
elements showed close resemblances in their chemical properties 
e.g., N, P, As, Sb, Bi. 


(3) Newland’s Jaw of octaves. In 1865 newlands showed that 
when elements were arranged in the order of their atomic weights, 
beginning with the lightest one (after omitting hydrogen), “the 
eighth element, starting from a given one, is a kind of repetition of 
the first, like the eighth note in an actave of music.” Thus, the idea 
of periodicity among elements was born, However, Newland’s 
Classification (Table 2-1) broke down after the first 16 elements 
for he did not leave gaps for undiscovered elements. 


Tabie 2-1 Newland’s classification of elements 
Li Be B c N o F 
Na Mg Al Si P s cl 
K Ca 


(4) Lothar Meyer’s curve. In 1869 Lothar Meyer plotted the 
atomic weights of elements against their atomic volumes (the ratio 
between atomic weight in grams and the density in the solid state). 
In the curve, similar elements occupied similar positions, thus 
forming distinct groups. For example, the alkali metals (Li, Na, 
K, Rb, Cs) are at the peaks and the halogens (F, Ci, 5r, D) 
midway on the ascending portions of the curve, 


(5) Mendeleev’s periodic law. In 1969, Mendeleev classified 
elements on the basis of the periodic law which he stated as. 
follows: “the properties of elements are a periodic function of 
their atomic weights". This means that when elements are arranged 
in the order of increasing atomic weight similar elements will be 
repeated at definite intervals or periods. 


1-1. Mendeleev's periodic table. Mendeleev, in — 1969, 
arranged the elements (only some 60 were then known) in their 
sequence of increasing atomic weights in a manner that similar 
elements came one below another in vertical columns, The 
resulting tabular arrangement of elements was called the periodic 
table of elements (Table 3-2). When the order of the elements 
appeared to be broken, gaps were left with the idea that these 
places belonged to the elements yet undiscovered. For example, 
the element arsenic (As) was allocated place two gaps after zinc 
(Zn). The reason was that arsenic resembles phosphorus (P) 
two places away from zinc and not aluminium next to zinc or 
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silicon one place away from zinc. He named the missing elements 
ekaaluminium (“one beyond aluminium") and ekasilicon (“one 
beyond silicon”) respectively. Confident of the periodic relation- 
ship among elements, Mendeleev ventured to predict the properties 
of these elements by comparison with those of the neighbouring 
elements. When these elements were isolated and their properties 
noted, his predictions proved to be amazingly correct. 


The soundness of Mendeleev’s periodic table was further 
proved when a whole family of new elements, the noble gases, was 


accomodated by simply adding a vertical column to the table at 
the extreme right. 


One form of Mendeleev's periodic table, improved in several 
respects and brought up to date by the inclusion of inert gases and 
other elements not known earlier is shown on page 39. It consists 
ofseven horizontal rows of elements called periods, numbered in 
Arabic numerals form 1 to 7, and nine vertical columns, called 
groups. The groups are labelled consecutively in Roman numerals 
from I to VIII, the ninth. group being labelled O (zero). The zero 
group was not there in Mendeleev’s original ‘able. 


The first period is occupied by only two elements, hydrogen 
and helium. The second and third periods contain 8 elements each 
(Li to Ne; Na to Ar) and are called short periods. The fourth and 
fifth periods are Jong periods of elements each (K to Kr; Rb to Xe). 
The sixth is a very long period of 32 elements (Cs to Rn). This 
period has been compressed by placing 15 elements in a single 
space beyond barium, These elements called rare earth metals or 
lanthanides (57-71), are much alike chemically. The seventh is an 
incomplete period, consisting at present of 16 radioactive elements. 
The eleven elements beyond uranium in this period are called 
transuranium elements. Except francium (87) and radium (88), the 
elements of this period (89-103) constitute the actinide series. All 
the elements of this series have not yet been discovered. 


The long periods have been doubled back into two series as a 
consequence of which each one of the groups from I to VIII stands 
subdivided into two sub-groups, A and B. 


The periods contain series of elements in which the chemical 
properties change qualitatively in discrete steps. For example, in 
the third period, the first three metals (Na, Mg, and AJ) are metals 
appearing in order of decreasing activity with a reagent such as 
water. The next four elements (Si, P, S, and Cl) are nonmetals, 
and they are seen in order of increasing activity with a reagent such 
as sodium or magnesium. The last element, argon (Ar) is chemi- 
cally inactive, and as we shall see later, is represents the logical 
coclusion of the period. The properties of elements in a group, on 
the other hand, change only quantitatively from top downward. 
For example, all the elements in group IA react readily with water, 
acids, and the halogens, but the reactions become progressively 
more vigorous from lithium to francium. 
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2. Modern Periodic Law 


. "The physical and chemical properties of elements are deter- 
mined by the magnitude of nuclear charge and the number of orbi- 
tal electrons in their atoms. Both of these quantities are represent- 
ed by atomic number. Hence, the periodicity of elements is a func- 
tion of atomic number, ratber than of atomic weight.* 


Consequently, the periodic law is now stated as follows : 


When the elements are arranged in order of their increasing 
atomic numbers, their physical and chemical properties vary 
periodically. 


3. The Long Form Periodic Table 


The long form periodic table, so called because of its general 
shape, is the most popular modification of the Mendeleev’s 
periodic table, It has atomic number as the basis for setting up the 
sequence of elements. The most significant feature of the long 
form periodic table is that it has each period spread out in a single 
row, This arrangement avoids the confusion arising from the 
staggering of the long periods and the subdivision of the elements 
in the same vertical column into two subgroups as in the Mende- 
leev's table. The long form periodic table is given on page 41. 


3-1. Structure of long form periodic table. The long 
form periodic table is divided into seven horizonta! rows of ele- 
ments arranged in the order of increasing atomic number, and 
eighteen vertical columns. The horizontal rows, called periods, are 
numbered 1 to 7, inclusive from left to right. The vertical columns, 
called groups, are consecutively labelled IA, IIA, IIIB, IVB, VB, 
VIB, VIIB, VIII, IB, IIB, HIA, IVA. VA, VIA, VIJA and 0 (the B 
groups contain the transition elements). Group VIII is subdivided 
in three columns, making a total of eighteen vertical column, The 
division of the elements into periods and groups is directly related 
to the ground state structures of their atoms, 


3-2. Periods. A period is a series of elements the atoms of 
which have the same number of electron shells. Each perlod begins 
with an element that has one electron in a new main energy level. 
Thus, the serial number of a period is the same as the principal 
quantum number n of the outer shell. The successive elements in 
the period have their energy sub-levels (or, subshells) filled accor- 
ding to the aufbau principle (Chapter 1, page 27), The number of 
elements in each period is determined by the sequence in which the 
various energy sub-levels are filled as shown in Table 2-4, page 42. 


*In general, the atomic weight varies in the same order as the atomic 
pumber. Hence, the periodicity of elements in Mendeleev's table, too, is 
related to the sequences of atomic number. 
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Table 2.4 Numbe" of elements in the periods 
Period Filling up of energy levels No. of elements 
1st period 1s 2 
2nd period 2s 2p 2416-8 
3rd period 3s 3p 2476-8 
4th period 4s 3d 4p 2+10+6=18 
5th period 5s 4d 5p 2+10+6=18 
6th period 7s 4f 5d 6p 24+14+10+6=32 


The 7th period can also have 32 elements with the filling up 
of 7s, 5f, 6d, and 7p energy levels, but it is still incomplete with 
only 19 elements with atomic numbers up to 107. In each period 
(except the first one), the first element is an alkali metal with a 1s 
electron in the outer level and the last element is an inert gas with 
completed s and p sublevels in the outer shell (s*p® ending). 


First period has two elements — hydrogen, 1s!, and helium, 
Is*, corresponding to the filling of the first energy level (n— 1). 


Second period begins with the third element, lithium, which 
has an electron in the s sublevel of the second main energy level 
(n=2). The period is completed at neon which has s and p sub- 
levels completely filled and, thus, has the maximum possible num- 
ber of electrons in the second shell. 


Third period begins with the filling in of the energy level, 
n=3, consisting of 3s, 3p, and 3d sub-shells. The first element is 
sodium, 14Na, with one electron in the 3ssublevel. In the last 
element argon, 1sÁr, the 3s and 3p sub-levels are complete, but the 
orbitals of the 3d sub-shell remain empty. This is because the next 
electron goes to the energywise more favourable 4s level and not 
to the 3d level, 


Fourth period begins with potassium, 19K, which has one 
electron in the 4s sublevel (n—4), The next element calcium, 20Ca, 
has the 4s level completely filled with 2 electrons. In both of 
these elements, the 3d level is wholly vacant 

19K 1s? 2s?2p° 3523pe3d^ 4s! 

20Ca 1s? 2s?2p6 3533 p®3q° 4s? 


Im the successive elements, the 3d level is progressively filled and 
is completed at zinc with 10 electrons. 
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aSc 1j —— 282p 33p3d 4s 
aTi 1s —— 2592p  3s83p3d? 49 
2sMn 1s: 235255 3513 p*3d5 4st 
2Fe 1s — 2j2ps 3s3p'd 4st 
aman 1s? 2s22p8 3583 p83q10 4s? 


After the 3p level has been completed, the p sub-level of the outer 
shell, i.e., the 4p sub-level begins to be filled in the next six ele- 
ments (Ga— Kr). Thus, the fourth period corresponds to the filling 
of the 4s, 3d, and 4p sub-levels, The introduction of ten 3d elect- 
rons expands the fourth period from eight to eighteen elements, 

Fifth period follows the same pattern as the fourth period, 
and corresponds to the filling of the 5s, 4d, and 5p sublevels. The 
outer level (n—5) is filled in the s sublevel in the first two elements, 
wRb and ssSr, and inthe p sub-level in the last six elements 
(sIn—5,Xe); in the intervening ten elements (s Y-,sCd) the d 
sublevel of the next inner shell (/.e., the 4d subshell) is filled. Just 
as the third period concluded with the outer level incomplete in 
the d subshell (i.e., 3d sub-shell) the sixth period is completed with 
the f subshell of the outer level (i.e., 4f sub-shell) wholly vacant. 

Si.th period begins with caesium, ssCs, which has one elec- 
tron in tae s sub-level of the main energy level, n—6. The elements 
in the period correspond to the filling of the 6s, 4f, 5d, and 6p 
sublevels, the fourteen elements (ss;Ce—7,Lu) corresponding to the 
addition of electrons in the 4f sub-leve] are placed alongwith 
lanthanum, ;sLa*, in a separate row at the bottom of the table. 
Ali these elements have the same number of electrons in the outer 
shell, and hence in the main table they have all been placed to- 
gether in a single box. These elements are called the /anrhanides. 
These fourteen elements expand the sixth: period to a total of 
thirty two elements. 

Seventh period is analogous to the sixth period. It begins 
with francium sFr, having one electron in the s sublevel of the 
outer shell (n-—7). It is followed by radium, ggRa, in which the 
7s sub-level is completed. The next element actinium, Ac, has the 
new electron in the 6d sub-level rather than in the Sflevel (com- 
pare with gLa). The next fourteen elements (goTh— josLr) corres- 
pond to the filling of the 5f sub-level. These are also placed in a 
Separate row, along with actinium, at the bottom of the table, and 
are called the actinides. The elements following the last actinide, 
xeLr, have the new electrons in the 6d sub-level, The seventh 
Period is incomplete, and can contain a total’ of 32 elements. 
Adcitions are being made by synthetic elements and the last 


reported synthetic element has the atomic number 107. 
— ÀÀ 


*siLa has one electron in the 5d level rather than in the 4f level. Its 
Configuration is 152 25* 2p6 35% 3p6 3d10 452 4p6 4d10 552 5p^ S1 652, 
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3-3, Groups. The vertical columns of elements in the periodic 
table are called groups, Each group of elements has in common a 
particular number of valence electrons—the electrons in the outer- 
most energy levels. Since the chemical behaviour of the elements is 
primarily affected by the valency electrons, the elements of each 
group exhibit strikingly similar properties. Thus, the elements of 
group IA alj have the outer level electronic configuration, nst, end 
those of IIA, ns?. The elements in groups IIIA to 0 have the outer 
level or valence sheli electron configuration varying from ns*np! to 
ns*np*. The outer two shells configuration of the ten groups bet- 
ween the groups IIA and IIIA is (n—1) d!71? ns!*, In group IIIB, 
there are two groups of fourteen elements each, one with 
lanthanum, and the other with actinium is the first element. The 
outer three shells configurations of these groups of elements, called 
the lanthanides and the actinides respectively, is (n—2) f 14% 

(n=l) d? ns?, 

Group VIII of the periodic table is a special case inasmuch 
as three vertical columns bear this label. The elements of this 
group, nine in all, have so many valence electrons that the total 
number is not much significant, and chemical behaviour is deter- 
mined largely by other factors. As a result, their properties do not 
significantly change across the period, and all of them have been 
put in a single group. 


4. Periodicity in Properties 

The properties of elements are determined by their electronic 
configurations, particularly the electrons in the outer levels. 
These electrons, called valence electrons, take part in all chemical 
reactions. The loss, gain, or sharing of these electrons in chemical 
reactions is governed by two interrelated factors: (1) the 
magnitude of nuclear charge, which is equal to the atomic 
number, and (2) the distance of the valence shell (outer level) 
from the nucleus, i.e., the atomic radius. The properties of 
elements, therefore vary periodically with atomic number across 
the periods and down the groups. They change in discrete steps 
in the horizontal direction, i.e., across the periods as the number 
of valence electrons successively increases, and are repeated at 
definite intervals vertically downward, i.e, in groups as similar 
electronic structures are repeated, The periodicity in properties 
is, thus, a reflection of the periodicity of electron structures, This 
Eid for the elements of the second and third periods in 

able 2-5. 


Table 2-5. Electronic configurations of elements of periods 2 and 3 
Group | IA IIA IIA IVA VA VIA VIIA O 
Period 2> Li Be B c N o F Ne 
Electronic 

Configuration 2,1 22 2,3 2,4 2,5 2,6 217 2,8 
Period 3> Na Mg Al Si P S cl Ar 
Electronic 


Configuration 2,8,1 2,8,2 2,8,3 2,8,4 2,85 2,8,6 2,8,7 2,8,8 


-— 


————— 
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In the long periods, elements with similar electronic con- 
figurations recur after 18, 18, and 32 elements. Thus, elements 
with similar electronic configurations fall below one another in 
vertical groups. For example, all the alkali metals of group IA 
have a single valence electron. They are, therefore, monovalent, 
strongly electropositive elements. The halogens of Group VIIA 
have seven valency electrons, They are, therefore, monovalent, 
strongly electronegative elements. Compare the outer shells in 
other vertical columns in the same way. 


ALKALI METALS HALOGENS 


Lithium, Li 2,1 Fluorine, F 2,7 
2,1 8 


Sodium, Na Chlorine, Cl 2,8,7 
Potassium, K 2,8,8,1 Bromine, Br 2,8,18, 7 
Rubidium, Rb 2, 8, 18,1 Iodine, I 2, 8, 18, 18,7 
Cesium, Cs 18, 18, 8, 1 Astatine, At 2, 8, 18, 32, 18, 7 


2 
Francium, Fr 2 


(Number of valency electrons — 1) (Number of valency electrons —7) 


In the following sections, we shell study the periodicity in 
atomic radii and atomic volume, ionic radii, ionization energy, and 
electron affinity. Since, the chemical behaviour of elements and 
their non-metallic or metallic character is determined by these 
properties, the knowledge of the trends of their variation in the 
periodic system is of great value in predicting the properties of an. 
element from its position in the periodic table. 


5. Atomic Radii 


The boundary of an atom's electronic field is not sharply 
defined, but is somewhat fuzzy and indefinite. Hence, it is difficult 
to define the sizes of atoms and even more difficult to measure them 
experimentally, However, the approximate radii of atoms can be 
estimated from measured distances between the nuclei of neigh- 
bouring atoms, either in molecules or in solids, Two generaliza- 
tions can be made regarding the variations in atomic radii in the 
periodic table. 


1. The atomic radii decrease from left to right within a period. 
The reason is that while the number of occupied shells remains the 
same, the nuclear charge of each succeeding element across a period 
is higher by one unit. Hence, there is greater attraction of the 
increasing nuclear charge for electrons entering the same shell, 
which is pulled increasingly inward towards the nucleus. However, 
th. atomic radius of the inert gas at the end of the period is greater 
than that of the preceding element (a halogen), This is due to the 
structural stability of an outer shell consisting of eight electrons. 
Tbe variation of atomic radii of elements in the third period is 
summarized in Table 3-7. 


46 LS.C. CHEMISTRY VOL. ll 


"Table 3-7. Atomic radil af elements in 3rd period 

Na Mg Ai Si P S [9] Ar 
Nuclear +11 +12 +413 *14 15 16 T17 v +18 
charge 


Electronic 28.4 2,8,2 2,8,3 28,4 2,8,5 2,86 2,8,7 2,88 
stucture 
Atomic 1.86 1.60 1.48 1.17 1.10 104 0.99 1.54 
radius, A? 


2. The atomic radii increase with atomic number in a parti- 
cular group. This is because each element ina group has one more 
electron shell than the element above it. The effect of increased 
nuclear charge in decreasing the atomic radii is insignificant as 
compared to the increase consequent upon the addition of a new 
electron shell. The varíation of atomic radii in the elements of 
group IA is presented in Table 2-6. 


Table 2-6. Atomic radii of elements of group IA 
Element Nuclear charge Electronic Number of Atomic radius 
(Symbol) (—2tomic number) stracture electron shells A? 

Li +3 2, 2 1.52 

Na +11 2,8,1 3 1.86 

K +19 2,8,8,1 4 2.31 

Rb +37 2,8,18,8,1 5 2.44 

Cc +55 2,8,18,18,8,1 6 2.62 


The atomic sizes of first twenty elements, excluding the inert 
gases He, Ne, and Ar, are shown diagrammatically in Fig. 2-1. 


O OOO 


H ti 
1 3 4 5 6 7 8 9 
Na Mg Ai $ P E a 
11 12 13 14 15 16 17 
K Ca Sc Ti V 
19 20 21 22 23 


Fig. 2-1. Comparative sizes of atoms, 
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6. Atomic Volume 


Formerly, thejatomic radii of elements were estimated from 
their gram atomic volumes, defined as the volumes of one gram- 
atom of each element. The gram atomic volumes are calculated by 
dividing the atomic weights (in grams) by the densities of elemental 
Solids, both values being obtained experimentally. That is, 
V=M)/D, where V is gram atomic volume, M, the atomic weight in 
grams, and D the density in grams per cm?. Thus, for gold the 
gram atomic volume, 


197.2g/g-atom 


Vg-atom = 


710.22 cm?/g-atom 


Since, one gram atom of an element contains one Avogadro number 
of atoms (6:02 x 1028), the volume of a single atom can be worked 
out, and from it the atomic radius assuming that the atom is 
spherical, The trend in the variation in the atomic volume with 
the increasing atomic number is similar to that of atomic radii. 
Fig, 2-2 shows the variation in atomic volume among elements 
against the atomic number. It is seen that the atomic volumes of 
Li, Na, K, Rb, and Cs increase in the same ordér as do their 
atomic radii. 


Atomic volume (cm?) 
S 8.2 8 


~ 
o 


10 20 30 40 50 60 70 80 90 
Atomic number 


Fig. 2-2. Atomic volumes of the elements. 


The comparison of atomic volumes of the elements in a period 
is not very reliable since atoms of different elements often pack in 
different arrangements. However, in a group all elements have 
similar packing pattern and atomic volumes do reflect the relative 
sizes of atoms. 
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7. Yonic Radii 


When atoms lose electrons, positive ions or cations are formed 
which carry as many units of positive charge as the number of 
electrons lost (A—A^*--ne-). When atoms gain electrons, negative 
ions or anions are formed which bear as many units of negative 
charge as the number of electrons gained (À-J-ne-—A*-). The 
radii of various ions are derived from distances between ions in 
crystals. For example, the sizes of sodium ion (Na*) and chloride 
ion (Cl-) may be derived in part by measuring the internuclear 
distances in sodium chloride. This distance, as determined by 
experiment is 2°75 A. It is equal to the sum of the corresponding 
ionic radii. However difficulty arises in estimating the share of 
each ion in this distance. This difficulty has been solved by measur- 
ing many ionic crystals in which these ions are present. 


Following generalizations can be made about ionic radii. 


1. Positive ions (cations) are always smaller than the paren, 
atom. This is because positive ions are formed by loss of electronst 
often a complete electron shell. For example, 3;Na (2,8,1) has 
three electron shells; Na* ion (2,8) formed by the loss of the lone 
electron in the outer shell has two sheils. As such, the radius of 
the Na* ion is 0'95 A against 1°86 A of Na atom. Similarly, the 
radius of Mg** ion (2,8) is 0°65 A; of Mg atom (2,8,2) is 1°60 A. 


2. Negative ions (anions) are larger than the parent atom due 
to the shell-enlarging effect of the mutual repulsion of electrons 
entering the outer shell. Thus, the radius of Cl atom is 0:99 A; 
that of Cl-ion 1°81, Similarly, the radius of S atom is 1.04 A, that 
of St- ion is 1°84 Å. 


3. The more the number of electrons lost or gained, the 
greater is the difference between the ionic and atomic radii. As an 
example, the atomic radius of V is 1'31 A; ionic radii of V$*, V?*, 
and V** are 0'88À. 0:74À, and 0°60 A, respectively, Such changes 
follow from the nucleus-electron and electron-electron interactions. 
In a positive ion, a greater net positive charge will act on the 
electron shells and draw them closer, The converse is true for a 
negative ion. 


8. Ionization Energy 


An electron is held in an atom by the electrostatic force of the 
positivély charged nucleus and the negative charge of the electron. 
The removal of an electron from an atom, therefore, requires 
expenditure of energy. The energy required to remove completely 
the most loosely bound (i.e., the highest-energy) electron from an 
atom in the gaseous state is called the ionization energy or ioniza- 
tion potential. That is. it represents the energy absorbed in the 
jonization reaction, 

M(g) + energy > M*(g) + e- 


The ionization energies are expressed in electron volts per atom 
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(eV/atom) or kilojules per Avogadro number of atoms (kJ mol-1 ). 
One ev/atom is equivalent to 23 kilocal, or 96 3 kJ mol-t, 


The energy involved in removing the first electron from the 
atom is more appropriately called the first ionization energy, The 
energy involved in removing the second electron is the second 
ionization energy. Third, fourth, and successive ionization energies 
may be defined in a similar fashion. 


Following generalizations on the variation in ionization 
energy may be drawn :; 


1. In general, the ionization energy increases across a period 
on the periodic table The two factors responsible for this trend are 
the decreasing size of the atom (with increased electrostatic attrac- 
tion) and higher nuclear charge in each succeeding element. How- 
ever, the increase in ionization energy is regular. Two points of 
break appear in the variation in ihe ionization energies of the 
elements of the second period (Table 2-7). 


(i) Boron (at, no 5) has a lower ionization energy than bery- 
ilium (at. no, 4), contrary to the general trend. This is because the 
electron removed in the ionization of boron is a p electron whereas 
an s electron is removed in the ionization of beryllium On the 
average an s electron approaches the nucleus more closely than a p 
electron of the same main energy level, and, therefore, the ioni- 
zation energy of a p electron is less than that of an s electron in 
the sameshell. This explanation also holds for the lower ioniza- 
tion energy of aluminium (578 kJ mol) than that of magnesium 
(732 kJ moli) preceding it in the third period. 


(ii) Oxygen (at. no. 8) has a lower ionization energy than that 
of nitrogen (at. no. 7). The reversal of the trend in this case is 
related to the greater stability of the half-filled orbitals in a sub- 
Shell. In nitrogen, the p sub-level of the valence shell is half-filled 
and therefore more stable than the p sub-level in oxygen, 


[t3] [1] [t] 


2p sub-shell in nitrogen 2p sub-shell in oxygen 
As such a P electron is removed more readily from oxygen than 
from nitrogen, 


Table 2.7 Ionization energies of the 
elements in the second period 
Element Li Be B c N o F Ne 
Neuclearcharge +3 +4 +5 +6 +7 +8 +9 +10 
Valence shell 25 258. 2522pl 252 2p? 252 3p8 252 2p! 252 2p5 252 2p6 


I.E. (kJ moli) 520 900 800 1086 1403 1314 1681 2081 


2. The ionization energy decreases progressively down a 
group of elements. The ionization energies of group IA elements 
are listed in table 2-8. Succeeding elements down the group have 
increasing atomic radii corresponding to the increasing number of 
electron shells. The outer electron (ie. the electron to be 
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removed) is therefore less firmly held due to increasingd istance 
from the nucleus and the ‘shielding’ or ‘screening’ effect* of the 
inner electron shells. Hence, the succeeding elements down the 
group have smaller ionization energies. ^ 


Table 2-8 ~  Tonization energies of 
group LA elements 
Element Atomic Electronic Number of I.E: 
(Symbol) number configuration electron shells. (kJ mol71) 
li 3 152; 251 1 520 
Na 11 153; 252; 2p6; 351 2 495 
K 19 1s; 25%; 2p6; 3s2, 3p6; 4s1 3 418 
Rb 37 152; 2s22p6; 3s23p63d10; 4524p5; 551 4 403 
Cs 55 — 152; 2522p6; 3523p93d10; 4s24p5410; 5 374 


558 Sp6; 65i 


3. Ionization energies of inert gases (He, Ne, Ar, Kr, Xe) 
are exceptionally high. This is because it requires a very large 
amount of energy to remove an electron from a stable valence shell 
(1s?, in the case of helium; ns?np^, in others). 


4. The ionization energy sharply drops from an inert gas to 
the succeeding alkali metal. For example, the I.E. of Ne is 2081 kJ 
mol-1, of Na, 540 kJ mol-?, This is because of the strong shielding 
effect of an additional electron shell in the alkali metal atom. 


5. The second ionization energy is much bigher than the first 
ionization energy as the electron is being removed from a positi- 
vely charged ion, M*, formed by the loss of an electron. In general, 
the successive ionization energies IE}, IEs, IEs,....etc, vary in the 
order IE;, < IEe-CIE; « IE,..., etc,, since the charge of the positive 
ion formed rises as the number of removed electrons increases, and 


so its attraction for the remaining electrons. 


It is noteworthy that elements with first ionization energy 
below 940 kJ mol? are usually metals, those with values above 
1000 kJ mol— are non-metals, and those with intermediate values 
are metalloids. 

8-1. Measurement of ionization energy. The element, in the gaseous or 
vapour state, is introduced ata very low pressure (0:3 mm or less) in a dis- 
charge tube. Initially, the amount of current flowing through the tub. is almost 
zero. The voltage across the electrodes is then gradually increased. At a certain 
voltage, the atoms in the gas ionize and there is a sudden spurt in the current 
flow. This voltage is called the ionization potential. It is expressed in volts and 
is numerically equal to the ionization energy in electron-volts (eV). 


9. Electron Affinity " 


When a neutral atom acquires adden electrons, it forms 
a negative ion. The amount of energy released when an electron is 


*Each outer electron is shielded from the nucleus by the electrons in the 
inner shells, whereby the effective nuclear charge is reduced. This is described 
as the ‘shielding’ effect or ‘screening’ effect of the inner electron shells, 


nuclear charge taking into consideration t 
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added to a neutral gaseous atom is called electron affinity. That is, 
it is the energy released* in the change. ` 
^ X(g)--e-- X-(g) 

Electron affinities depend on the atomic radii and the effective 
he shielding effect of the 
inner electron shells. In general, succeeding elements across the 
periods have higher electron affinities whereas those down the 
‘groups have smaller electron affinities, The halogens (E, Cl, Br, I) 
have high electron affinities (Table 2-9), since the addition of one 
electron to their atoms results ina stable outer shell consisting of 
stp® electrons. Among halogens, fluorine does not fit the general 
trend and has lower electron affinity than chlorine; the succeeding 
halogens have progressively lower electrons affinities, 

Electron affinities of group VIIA 


Table 2-9. 
"a elments (the halogens 
Element Atomic number Electron affinity (kJ mol71) 
F 9 333 : 
cl 17 348 
Br 35 340 
53 297 


ap ED E E oT 


It is noteworthy that the electron affinities of metals are small 
and their atoms have little tendency to pick up electrons and form 
negative ions. Non-metals have large electron affinities and readily 
form negative ions. The concepts of ionization energy and electron 

l in understanding the formation of compounds 


affinity are helpfu 
from atoms of metallic and non-metallic elements. 


10, Electronegativity 

The power of an atom to attract to itself electrons ina 
covalent bond is called the electronegativity of that atom, The 
electronegativity of an atom is related in a general way to both its 
ionization energy and electron affinity and may be taken as the 
average of the two. 

In the periodic table the electronegativity of elements 
increases across the period with increasing nuclear charge (atomic 
number) and decreasing atomic radius, Thus in the C—N bond, 
nitrogen being more electronegative attracts the shared electrons 
more towards itself. Thus is shown by writing this bond as 
49 -è ——— 
C—N or as C—N, The most electronegative elements are found 
towards the ias periods; these clements also have large 

bi. d large electron affinities. The most electro- 


ionization ene! $ PREFS 
positive elements, /.e., those with low electronegativities (small 


*In some cases (e.g., Ca, Zo, etc.), energy is absorbed and the electron 


affinities have negative valves. 
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Ionization energies and almost zero electron affinities) are found 
at the beginning of the periods. 


In moving downward through the group, the electronegativity 
of elements progressively decreases in spite of increasing nuclear 
charge, This is because the increase in atomic radius and the 
shielding effect of inner electron shells more than compensates the 
effect of increased nuclear charge, Thus, chlorine is more electro- 
negative than iodine as a result of which the ICI (iodine chloride): 


9 i 48.5 —— > 
molecule develops a partial ionic character, {—Clor I—C). 


Table 2-10 Electronegativities : trends in variation 
Li (1'0)  Be(t'5) B (2:0) C (2'5) N 3'0) O (35) F (4'0). . 
Na (0*9) S Cl (370) 

K (08) m Br (2:8) 
Rb (0'8) >} I (2) 
Cs (07) 


11. Metallic/Non-metallic Properties 


Metals are characterized by a marked tendency to lose 
valency electrons and form positive ions when they enter into 
combination with other elements, e.g., M-M*-re-. This tendency 
increases with increasing atom size and decreasing ionization 
energy, electron affinity, and electronegativity. The metallic pro- 
perties, therefore, weaken across the periods but become more 
Pronounced with each succeeding element down a group. Thus, 
vie groups IVA, VA, VIA, and VIIA are headed by the non-metals 
carbon, nitrogen, oxygen, and flourine Tespectively, they end up 
with lead, bismuth, polonium, and astatine respectively all of 
which exhibit metallic properties, at least to some degree. 


Non-metals possess a relatively high electron attracting 
power and large ionization energies, and do not tend to form 
positive ions during chemical changes. The non-metallic proper- 
ties, therefore, become more pronounced in succeeding elements 
across the periods but weaken Progressively down the groups. 


11-1. Nature of Oxide In general, metals form basic oxides; 
non-metals from acidic oxides. Therefore, in any period, the 
nature of the oxide varies from strongly basic through amphoteric 
or neutral to strongly acidic. This is shown below for the elements 
of the third period. 


Table 2-11. Nature of oxides of the elements of third period 


Elements Na Me Al Si P s a 
Oxides—> NasO MgO  Als05 SiOz P205 SOs Cl207 
Nature of strongly basic ampho-  feebly acidic strongly 


very 
strongly 


oxides basic teric acidic acidic acidic 
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Down the group, the basic character of the oxide becomes 
Progressively stronger and the acidic character progressively 
Fina Thus, in group IIA (Be, Mg, Ca, Sr, Ba), the hydroxides of 
to and Mg are only feebly basic while Ba(OH)s is very strongly 

asic; in group VIIA (F, CI, Br, and I), the oxide of iodine is the 
least acidic or the most strongly basic, 


12. Strength as oxidizing/reducing agent 


Oxidizing agents are characterized by the tendency to take 
up electrons and reducing agents by their tendency to give up 
electrons during chemical reactions, Thus elements with high 
ionization energies, electron affinities, and electronegativities are 
oxidizing agents; those with low ionization energies, etc. are 
reducing agents. 


Bits 
In general, the strength as oxidizing agent of elements pro- 
gressively increases across the periods and decreases down the 
groups. The reducing strength of elements is progressively lower 
across the periods and higher down the groups. Thus, fluorine 
should be the strongest oxidizing agent and francium the strongest 
reducing agent of all the elements. 


13. Summary of Trends in the variation of Properties in the 
Periodic Table 


1. Across the periods 
(i) Number of valency electrons increases from 1 to 8. 
(ii) Number of electron shell remains unchanged. 
(iil) Atomic radius (size of the atoms) decreases, 
(iv) Tonization energy, electron affinities, and electronegativity increase. 
(v) Strength as an oxidizing agent increases. 
(vi) Strength as a reducing agent decreases, 
(vii) Metallic character and the basicity of oxides decrease. 


2. Down the groups 

(i) Number of valency electrons remains the same— equal to the group 
number from groups 0 to VIII. 

(ii) Number of electron shells increases progressively. 

(iii) Size of the atoms increases. 

(iv) Tonization energy, electron affinity, and electronegativity decrease. 
(v) Strength as an oxidizing agent decreases. 

(vi) Strength as a reducing agent increases. 

(vii) Metallic character and the basicity of oxides increase, 


14, Superiority of Long Form Periodic Table 


The long form periodic table is superior to the older short 
form tables in the following respects : 


1. This table corresponds to the arrangement of electrons 
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in the atoms of the elements. Thus each vertical column represents 
a family of elements with similar electronic configurations and 
similar properties. 


2, It explains the similarities and variations in the properties. 
of tlie elements in terms of their electronic configurations and 
bonis out clearly the trends in chemical properties across the long 
periods. 


3. The inert gases having completely filled electron shells 
come at the end of the periods which represents a logical comple- 
tion of each period, 


4. It avoids the confusion arising from the juxtaposition of 
the dissimilar A and B sub-groups. The elements constituting A 
sub-groups (IA, IIA....... VIIA) have only their outer shell incom- 
plete while all the inner shells are complete. These are the normal 
elements. The elements of B-subgroups (IB, IIB....... VIIB) and 
group VIII have their last two shells incomplete. These are the 
transitional elements, 


5, It provides satisfactory pusitions to the elements of group 
VIII in three separate vertical columns. 


6. It shows the main groups of elements, e.g., non-metals, 
active metals, transition metals. lanthanides, actinides, and inert 
gases clearly demarcated. The non-metal elements are placed at 
the right of the table while the metals are at the left. The active 
metals are located at the extreme left (groups IA and IIA) while 
the transition metals are found in the middle of the table (groups 
IIIB to IIB), 


On the basis of their electronic configurations, the elements 
have been grouped as s-block, p-block, d-block, and f-block 
elements, all the four blocks being clearly demarcated in the long 
form periodic table, 


7. It is easier to remember, understand, and reproduce. 


15. Blocs of Elements in the Períodic Table 


In addition to the periodic relationships, there are some 
general aspects of chemical behaviour that depend on what type of 
electrons are there in the valence shell. On the basis of the types 
of electrons in the valence shell, the elements in the periodic table 
can be divided into four blocs : the s-bloc, elements, the p-bloc : 
elements, the d-bloc elements, and the f-bloc elements. i 


1. The s-blod elements. These are the elements in which 
the last electron enters an s-sub-shell*. Since an s-shell can have 
either one electron-or two electrons, the outer shell configuration 


"Ms 1] statement that the s-block elements are those in which the atoms have 
only s-electrons in the outer shell is not wholly correct, since this definition wil! 
include the elements of B-subgroups also. 
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of s-block elements is either ns? or ns?. The elements of ns? ending" 
constitute group IA (the alkali metals—Li, Na, K, Rb, Cs, and Fr) 

and those of the ns? ending, group IIA (the alkaline earth metals— 

Be, Mg, Ca, Sr, Ba, and Ra). 


J The s-bloc elements are highly reactive. They are characte- 
rized by low ionizations energy and readily form positive ions in 
chemical combinations, 


2. The p-bloc elements, These are the elements in which 
the last electron enters a p-subshell. Since, a p-subshell starts 
filling after the s-subshell has been filled, the outer shell configura- 
tions of the p-bloc elements vary from ns? np! to ns? np. The 
p-bloc elements constitute group IIIA (ns? np! ending), group 
IVA (ns? np? ending), group VA (ns? np’ ending), group VIA (ns? np! 
ending), group VIIA (ns? np> ending), and the O group (ns? np* 
ending). The elements of the zero group are characterised by 
extreme chemical inactivity, 


The elements of the s- and the p-blocs are called representa- 
tive elements. However some scientists prefer to categorize the zero 
Broup of inert gases as a different type of elements rather than as 
representative elements. 


3, The d-bloc elements, Elements in which the last elcc- 
tron enters the d-subshell while the s-subshell of a higher level has 
already received two electrons are called the d-bloc elements. 
They make up three complete rows of 10 elements each and an 
incomplete fourth row in the long periodic table beginning with 
group IIIB and continuing through group IIB. The electronic confi- 
guration for the two outer shells of these elements can be represen- 
ted. as (n—1)d1-19 ns1-3, The d-bloc elements are also called 
transitlon elements. The transition metals make four distinct 
Series : 


The first transition series (Sc, at. no. 21, to Zo, at. no. 30) 
begins with scandium which has only 1 electron in the 3d level. The 
extra electrons in the successive nine elements enter the 3d level 
which continues to expand until the number of electrons in it 
reaches ten at copper when the series is completed The second 
transition series runs through yttrium (at. no 39) to cadmium 
(at. no. 48) and the third transition series through lanthanum 
(at. no, 57) to mercury (at. no. 80), and have incomplete 4d and 
5d levels respectively. The fourth transition series begins with 
UM (at. no, 89) and is characterized with an incomplete 

evel. 


4. The /-bloc elements. These are elements in which the 
last electron enters the f-subshell of the third level from the outer 
side of the atom. They not only have incomplete d-subshell in ihe 
Penultimate shell (second -from the cuter side) like the transition 
elements but also incomplete f-level in the next inner one. Their 
outer electron configurations are (n—2) f1-?*, (n—1) d°-*, ns*. They 
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occur within the transition series of the sixth and seventh periods 
and for this reason, are also called the inner transition elements. 
There are two series of these elements : 


(i) The lanthanide series. (at. no. 58 to 71) in which the 
number of elctrons progressively increases ia the 4f orbitals. 


(ti) The actinide series (at. no, 90 to 103) in which the 
number of electrons progressively increases in the 5f orbitals. 


Elements of each one of these series are very much similar in 
their chemical properties because of the identical configurations of 
the outer two shells. For this reason each group of these elements 
is placed together asa single element with lanthanum (at. no. 57) 
and actinium (at. no, 89) respectively and detailed out separately 
outside the main periodic table. 


The d-and f-bloc elements are somewhat out of line in the 
trends in the variation in atomic radii of elements. Thus, there is 
a slight increase in atomic radius toward the end of the transition 
series in periods 4, 5, and 6, which results from the shielding of 
the outermost electrons as the underlying d sublevels are filled. 


15-1. General characteristics of transition metals or d-bloc 
elements. Transition elements of all the four series (3d, 4d, 5d, 
and 6d) exhibit following general characteristics H 


1. Physical properties. They are all metals with high 
densities and high melting and boiling points. They are hard, 
ductile, and good conductors of heat and electricity. Zinc, 
cadmium, and mercury are notable exceptions. 


2. Ionization energy. Their ionization energies are, in general, 
midway between those of the s-bloc and p-bloc elements. 


3. Variable valency. Transition elements have Benerally two 
electrons (in a few cases, one electron) in the outer leve! and a 
varying number of unpaired d level electrons in the second outer 
shell. The unpaired d electrons have about the same energy as the 
s-electrons of the outer shell. So, one or two d electrons are 
readily involved along with the outer s electrons for chemical 
bonding. Hence, transition eleraents exhibit various positive 
valences in their compounds. 


4. Colour. Transition metal ions with incomplete inner 
shells are usually coloured, both in solid salts and in solutions. By 
absorbing energy as light in the visible region, d electrons in the 
transition metals are promoted to a higher energy level in the d 
sub-shell itself and light of a different colour is transmitted. In 
normal elements, electron is to be promoted to an outer shell for 
which much energy isrequired. The light is, therefore, absorbed 
from ultraviolet region and no colour is shown. 


The colour exhibited depends upon tbe oxidation state of the 
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metal as indicated by the following examples : Fe** (green), Fest 
(yellow); Cr?* (blue), Cr** (green); and Mn** (pink), Mn?* (violet). 


5. Paramagnetism. Most of the transition elements are 
attracted by magnetic fields, a property called paramagnetism, It 
results from the presence of unpaired electrons in the system (atom 
or ion). The magnetic field induced about an electron spinning on 
its axis either clockwise or anti-clockwise remains uncancelled if it 
is not paired by an electron spinning in opposite direction, Hence, 
unpaired electrons produce unbalanced magnetic fields in atoms 
causing them to be paramagnetic, The greater the number of un- 
paired electrons, the greater is the paramagnetism. 


16. Usefulness of the Periodic Table 


. In spite of certain imperfections, the periodic table has been 
of great value in the advancement of chemistry. The usefulness 
of periodic table may be evaluated under the following headings : 


1. Classification of elements. The periodic table is the 
most successful system of classifying elements. It presents much 
useful information about the elements and the trends in the varia- 
tions of their properties in a convenient, compact form. It 
simplifies the study of chemistry by grouping together the elements 
with similar properties. Thus, it is sufficient for a general study to 
learn the properties of eace group rather than the properties of 
each element separately. 


2. Prediction of properties of elements. The periodic table 
enables one to make reasonably reliable predictions regarding 
the properties of any element by comparison and correlation with 
the properties of those situated below, above, to the left, and to 
the right of it. Thus, tit is a valuable aid in learning the chemistry 
of such elements which cannot be isolated in measurable quanti- 
ties. e.g., astatine, francium, etc. 

By way of example, consider astatine with the atomic number 85. It is 
located in group VITA below iodine. It would probably be a solid at ordinary 
temperatures, since iodine just above it isa solid, and the trend is from gas to 
liquid to solid going down the group. Since the colour of group VIIA 
elements darkens moving downward, this element would probably be dark or 
black in colour, with a metallic lustre like iodine. The element would combine 
with sodium to form a white, crystalline compound soluble in water, and 
Corresponding to the formula NaAt since the members of the family form 
similar compounds with sodium. It would be fairly active element chemically 
but less active than iodine since the trend is towards decreasing chemical 
activitv as one goes down the group. 

3. Stimulation to research. Periodic table is a valuable 
guide in chemical and metallurgical researches as it summarises the 
properties of elements. It was from a close study of the periodic 
table that the element fluorine was picked up for the preparation 
of a non-inflammable and non-toxic refrigerant. The result of the 
research was Freon (CF2Cle).a very successful refrigerant. 
Metallurgists study the periodic table for selecting elements that 
would give an alloy possessing required physical and chemical 
properties. 
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Uses of the periodic table of historical interest are : 


4, Correction of atomic weights. In many cases, two consecutive ele- 
ments were found to differ from the members of their groups unless their 
Positions in order of their atomic weights in the table were reversed. This 
Caused a suspicion about the correctness of the accepted atomic weight of 


either. This led to a check-up of atomic weights and many errors were 
corrected, 


_5. Prediction of undiscovered elements. While compiling the original 
periodic table, many gaps had to be left so that elements could be placed below 
those with similar properties. These gaps corresponded to the elements as yet 
undiscovered, By correlation and comparison with the neighbours on the right 
and the left, above and below, Mendeleef predicted not only the existence of 
such elements but also their general pliysical and chemical properties. When 
these elements were actually’ discovered and their properties studied, these 
predictions were found to be remarkably accurate. 


Questions 


1. (a) State the modern Periodic Law and explain its meaning. 
(D Give the meaning of the following terms as applied to the Periodic 
Table : group, period, short period, long period. 


2. Explain the statement, ‘the periodicity in properties of elements is 
a reflection of the periodicty of electron configurations". 


3. The number of elements in the first period of the periodic table is 2, 
in the second and third periods is 8 each, in the fourth and fifth is 18 each, and: 
in the sixth period is 32, Explain why this is so. 

4. Write the valence shell electron configurations of — 

(D the elements of group IIIA, 
(i4) the elements of group VIIA, 
(ili) the inert gases, 

(iv) the transition elements, and 

(») the lantbamides, 


àbi 5. Discuss the trends in the variation of atomic radii in the periodic 
le. 


6. What is atomic volume ? What is tbe importance of tbe values of 
atomic volumes in the study of the atomic radii ? 

7. Explain the reason why positive ions are always smaller than the 
parent atom while the pegative ions are always larger than the parent atom. 


8. (a) Define the term ionization energy. Give the units in which it is 
measured, and the interrelationship of different units. 


(D) Discuss the general trends in the variation of ionization energies in- 
the periods table. 

9. (a) Which of the following electron configurations would you: 
expect to have the lowest ionization energy, and why ? 

(D 152, 252 2p5, 351. (Hi). 153, 252 2p5 (iii) 1s2, 252 2p6 


(D The ionization energy of hydrogen is 1310 kJ Mol"! and of the 
very next element, belium, 2359 kJ Mol^1, Explain the large increase in the 
jonization energy from H to He. 


10. Define electron affinity. How does it vary across the periods and 
down the groups in the periodic table ? 


li. Define electronegativity, Describe the general trends in the variation 
of electronegativities in the periodic table, 


THE PERIODIC TABLE 59 


12. Relate (a) metallic/non-metallic character of elements and (2) 
strength of elements as oxidizing/reducing agent to ionization energy, electron 
affinity, and electronegativity. 


13. The chemical reactivity of the elements of Group IA increases 
downward while that of the elements of Group VIIA decreases downward. 
Explain the difference. 


14. Describe in brief the superiority of the long form periodic table over 
the older short form tables. 


E 15. Give a brief, explanatory account of the various blocks of elements 
in the periodic table. 


16. Write an explanatory note on the usefulness of the periodic table. 
17. Describe the general features of the transition elements. 
18. Explain: 


(a) The ionization energy of boron (at. no. 5) is less than that of 
the preceding element beryllium (at. no. 4). 


(6) The second ionization energy of atoms is higher than the first 
ionization energy. 


(c) The elements in the same group of the periodic table show close 
resemblance in chemical behaviour, i 


(d) Lanthanides (atomic numbers 57-71) show close resemblance in 
chemical bebaviour. 


(e) Transition elements are paramagnetic while the normal elements 
are not. 
(f 


Transition elements show variable valency. 
(g) Inert gases display almost total lack of chemical activity. 


19. The following represents a period from the Periodic Table with 
hypothetical symbols for the elements : 
Group + IA TIA IA IVA VA VIA VIIA O 
Element > A B E D BITTE Gomi 


(a) Which of these elements will be 
(i) most metallic, 
(ii) most non-metallic, 
(iil) most unreactive, 
(iv) strongest oxidizing agent, 
(v) strongest reducing agent ? 
(b) Write the formula for the compounds formed by tbe union of 
(i) A and F 
ti) Band G 
(iii) B and E 
(v) D and G. 


20. An element-X has three electron shells, with five electrons in the 
Outermost shell. Predict the following about the element : 
(i) The period in which it will fall. 
Gi) The group in which it will fall. 
Gil) Its atomic number. 
~ (iv) Whether it will be a metal or a non-metal. 
(vy) Formula of its compound with hydrogen. 
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D 21. Without looking at the Periodic Table, select from each of the 
following lists of atomic numbers (N) the elements which belong to tbe same 
group (or sub-group) : é 

(a) 3,17, 19, 50, 55 

(b) 4, 12, 30, 56, 98 

(c) 6, 10, 14, 40, 60 

22. Name the following : 

(a) The most electropositive element. 

(b) The most electronegative element. 

(c) The elements of group IA. 

(d) The elements of group VIIA. 

(e) The naturally occurring element, with the highest atomic number. 


Distinguish between : 

(i) Transition elements and normal elements. 

(ii) Transition elements and inner transition elements. 
(iil) Lanthanides and actinides. 


24. Which of the following are transition elements : 
(a) K, Mn, Ca, Cs, Fe, Pt 
(b) Cr, Ca, Cu, CI, Co ? 
25. Some one claimed to have discovered an element which fits in 


between hydrogen (at. wt.=1) and helium (at. wt. —4) in the Periodic Table. 
Comment upon this claim. 


23 


Key 
4. (i) ns®, np) (it) nstmp5 (ii) nstnpo (iv) (m1) d17*, ns17? 
(v) (a-2) f1713, (n-1) d*72, ns? 


9. (a) The electron configuration 15", 232 255, 35! will have the lowest 
ionization energy as the electron to be removed (33!) is farthest away from the 
Den ae in the third level; in other configuration the electron is in the 
second level. 


(6) The nuclear charge of helium (=2) is double that of hydrogen 
(71); hence the electrons in the 1s shell of helium are held more tightly. 


13. The chemical reactivity of group IA elements having one 1 electron 
in the outermost shell depends on their ionization energy which increases 
downward the group. The chemical reactivity of the elements of group VITA 
elements having 7 electrons in the outermost shell depends upon their electron 
affinity and electronegativity which decrease downward the group. 


17. (a) lonization of boron (1s?, 2s? 2p) involves the removal of a p 
electron in the second level while that of beryllium (1s?, 25?) involves the 
removal of an s electron in the same level. In any level, the energy. ofa p 
electron is higher than that of an s electron. 

(6) Second ionization energy is related to the removal of an electron 
from the positive residue M+ formed by the removal of an electron from the 
neutral atoin M. 

(c) They bave the same number of valence electrons. 

(d) They have identical electron configuration in the outer two levels. 

(e) A single unpaired electron produces a magnetic field in much the 
‘ame way as an electric current in a conductor creates a magnetic field around 
he conductor. If two electrons are paired in the same orbital, their magnetic 
effects cancel out. Therefore, transition elements with unpaired elements are 
paramagnetic, while normal elements with all paired electrons are diamagnetic. 
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(f) Transition elements can involve the d electrons of the second outer 
deli which have about the same energy as the s electrons of the outermost 
shell. 

(g) Inert gases have the most stable electron configuration, ns? np®, in 
the outermost level, Hence, they do not have any tendency to lose, gain, or 
share their valency electron. 

19. (a) (i) A GG Gi) H (iv) G WA 

(b) (i) AaF (ii) BGs (iii) B3Eg (iv) DG4 
20. (a) (1) Third period (number of electron shells 3). 
(ii) Group V (number of electrons in outermost Shell 5), 
(tii) 15 (At. No. —total number of orbital electrons. In the case of this 
element, the 1st shell has 2, the 2nd shell 8, and the 3rd shell has 5 electrons; 
hence the total number of electrons -2- 8-- 5215). £ 


(iv) non-metal (number of electrons in the third and the outermost 
shell is more than 4). 2 

(v) XHs. 

21. (a) 3and 19; (6) 12 and 56, (e) Gand 14. 

22. (a) Francium, (4) Flaorine, (c) Alkali metals, (d) Halogens, 

(e) Uranium, 

24. (a) Mn, Fe, Pt; (6) Cr, Cu, Co. 

25. The claim is absurd; the at. no. of H is 1 and that of. He is 2, Hence, 
there can be no element between I and He. . 


Du 


Phase Equilibria 


The three states of matter are often referred to as the gas 
phase, the liquid phase, and the solid phase. A heterogeneous 
equilibrium is an equilibrium between two or more phases, such 
as the equilibrium between a liquid and its saturated vapour, 
between a saturated solution and excess of solute, between the 
mixtures of miscible, partially miscible, or immiscible liquids, 
the distribution of a solid or liquid between two liquids, etc. 
The knowledge of heterogeneous equilibria, which are all 
governed by Gibb's phase rule, has many important applications 
such as fractional distillation, crystallilization, extraction of a 
solute with a second solvent, chromatography, eic, 


1. The Phase Rule b 


Two or more different phases in equilibrium witb one another 
constitute a heterogeneous equilibrium. Such a system is governed 
by the important generalization called Gibb’s phase rule. Before 
stating this rule, the technical terms involved in it must be 
explained. These terms are ; system, phase, component, and degree 
of freedom. 


1-1. System. A system refers to a part of space filled with a 
substance or mixture of substances and isolated from the surround- 
ing medium, It may include only oné phase or more than one 
phases. A homogeneous system is one in which only a single phase 
is present. Mixtures of gases, liquid water, and solutions are all 
examples of homogeneous systems. A heterogeneous system is one 
which consists of two or more phases, e.g., water—ice—water 
vapour (the number of phases—=3), water—oxygen—nitrogen (the 
number of phases=3), etc. 


1-2. Phase. A phase is a part of a system which is itself 
homogeneous (i.e., it has exactly the same physical properties and 
chemical composition throughout) and is separated from other 
parts of the system by physical boundaries in the nature of visible 


(6) 
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surfaces. A phase may be solid, liquid, or gas according to its 
physical state, For example, if : . 

a flask is partially full of water water vapour 
in which ice is floating, the (gaseous phase) 
system comprising the con- 
tents of the flask consists of 
three phases—the solid phase 
ice, the liquid phase water, 
and.the gaseous phase water 
vapour (Fig. 3-1). A phase 
in a system comprises of all 
the parts that have the sáme 
properties and composition. 
Thus, if the system represented 
in Fig, 3-1 had more than oné 
pieces of ice, it will not have 
as many solid phases; all the 
pieces of ice will constitute only one solid phase. That is, 
Sub-division of a phase does not produce new phases. 


A phase may be comprised of an element, a chemical 
compound, or a homogeneous mixture, ie., a 
solution of elements or compounds. A solution of 
ethyl alcohol and water constitutes a single phase 
since the two liquids are completely miscible in 
one another and make a single liquid solution 
(Fig. 3-2). The same is true of a mixture of gases, 
no matter how many gases are present, and of an 
unsaturated solution of a solid in a liquid. A 
system of ether and water has two phases since the Fig. 3-2. A solu- 
two liquids are not perfectly miscible and separate tion of Uu ex 
in two layers with a definite bounding face between "o. single phase 
the two (Fig. 3-3), the upper layer of ether andthe _ 
lower one of water, A saturated solution of so- 
dium chloride in equilibrium with undissolved 
solid constitutes two phases; the saturated solu- 
tion is the liquid phase and the undissolved solid 
is the solid phase. A mixture of solids, except 
when a solid solution is formed, consists of as 
many different phases as the number of solids pre- 
sent, and every solid allotropic form constitutes a 
Separate phase. Fi , 

piae = ig. 3-3, A sys- 

In a heterogeneous equilibrium, the various tem of ether and 
phases of the system are in dynamic equilibrium water—two phases, 
with one another. Since the container is never in-dynamic equili- 
brium with the. phases of- a system, it does not censtitute a phase 
of the heterogeneous equilibrium. ; 


Fig. 3-1. A system consisting of 
three phases. 


1-3. Component. The simple substances from which phases 
can be built are known as components. The number of components 
in a system is the smallest number of such substances which must 
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be specified to be present in order to describe completely the com- 
position of every phase of the system Thus, in the ice—water— 
water vapour system there is only one component, namely water, 
H:O, although the number of phases is three. A system containing 
two different substances which do not react with each other con- 
tains two components. Thus, a solution of ethyl alcohol.in water, 
in equilibrium with vapour has two phases (liquid and gaseous) 
and two components (C;H;OH and H40). In the thermal decompo- 
sition of calcium carbonate 


CaCOs(s)eCaO(s) 4- COs(2) 


there are three constituents and three phases in heterogeneous 
equilibrium, viz., solid sodium carbonate, solid calcium oxide, 
and carbon dioxide gas. However, once the concentration of any 


two of the three substances is specified, the concentration of the 


third one is also fixed. Therefore, the number of components 
of this system is two, and we can select any two of the constituents 
as the components. 


In the thermal dissociation of ammonium chloride, there are 
two phases present, viz., solid ammonium chloride and the gaseous 
mixture of ammonia and hydrogen chloride : 


NH,Cl(s)=NH3(g) +HCl(g) 


However, the gaseous mixture consists of the constituents of 
ammonium chloride in the same proportion in which they are 
present in the solid ammonium chloride, Thus, the composition 
of both phases can be represented by the same individual, NH,Cl. 
‘Hence, it is a one-component system. 


The foregoing examples make it clear that the term ‘compo- 
nents of a system’ does not mean the various constituents or 
chemical individual present in the system 


1-4. Degree of freedom. The number of degrees of freedom 
of a system is the minimum number of factors such as pressure, 
temperature, and concentration of the various components which 
can be varied independently of each other without bringing about 
a change in the number of phases. For example, in the system 
water=steam, once one of the two variables temperature and 
pressure is fixed, the other is also settled. The alteration of either 
of these factors will cause one of the phases to disappear. This 
system therefore, has only one degree of freedom and is said to be 
univariant. |n the system ice=water=water vapour, the three 
phases can be in equilibrium only at one definite temperature and 
pressure. The number of degrees of freedom of the system is zero 
and the system is said to be invariant. A system having two degrees 
of freedom is said to be bivariant. 


1-5, Phase rule. We are now in a position to state the 
phase rule which was devised by Gibbs in 1876. According to this 


rule— 
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"For a heterogeneous system in equilibrium, the number of 
degrees of freedom is equal to the difference between the numbers of 
components and phases, plus two.” 

Expressed in symbols, 

à F=C—P+2 ; 

Here, F is the number of degrees of freedom for the equili- 
brium, C is the number of components for the system, and P is the 
number of different phases in equilibrium with one another. The 
number 2 on the right is for the two additional variables of 
temperature and pressure besides the concentration variable. 

, L$. Equilibrium. . Phase rule applies to system in irue 
equilibrium A trae equilibrium is said 10 exist ina system under a 
given set of conditions when the same state can be aitalne:’ by 
following any possible procedure For example, at 1 atmosphere 
pressure the temperature of the system ice-liquid water in equili- 
prium will be 0°C whether the equilibrium. 18 attained by partial 


freezing of water or by partial melting of ice. Therefore, "the: 


System exists in true equilibrium. s 

By careful cooling, it is possible to cool water below its 
freezing point, 0°C—say to —1°C. But it is not possib/e to obtain 
water at —1°C by melting ice. Hence, though water can exist at 


—1°C, it is not in true or stable equilibrium at this temperature ` 


but is in a tstate of merastable equilibrium. When the water at 
—1°C is stirred or a crystal of ice is added it, solidification sets in 
and the temperature rises to 0°C, 


ONE COMPONENT SYSTEMS 
2, Liquid-vapour Equilibria 


2-1. Evaporation. At any given temperature, the molecules 
of a liquid have a constant average kinetic energy. They do not 
all have the same kinetic energy, however, some have lower 
energies, some have higher, The molecules with sufficiently high 
kinetic energies overcome the attraction of the neighbouring 
molecules and escape, i.e. evaporate, into the space above the 
liquid. (Fig. 3-4 a). This phenomenon is called evaporation. -As 
the temperature of a liquid is increased, more [of the molecules 
come to have sufficient energy to escape and thus the rate of 
evaporation increases. 


Though it is the fast-moving molecules which evaporate from 
a liquid, the vapour formed is certainly not at a higher temperature 
than the liquid. This is because the excess energy of the evaporat- 
ing molecules is used up in overcoming the inter-molecular 
attractions in the liquid. However, since the escaping molecules 
have a higher kinetic energy than the average, the remaining 
molecules will have a lower average kinetic energy and therefore 
a lower temperature, Evaporation is thus a cooling process. The 
evaporating liquid, however, remains at a constant temperature 
since it absorbs heat from the surroundings. 


66 L.S.C. CHEMISTRY VOL. Il 


2-2. Vapour pressure. If a liquid is placed in a closed con- 
tainer, its molecules escaping into the gas phase strike the container 
and rebound. Some of the rebounding molecules strike the surface 
of the liquid where they are trapped [Fig. 3-4 (b)]. The return of 
the molecules from the gas phase to the liquid phase is termed 
condensation. As evaporation proceeds, the number of molecules 
in the gas phase increases and, in turn, the rate of condensation 
increases. After a short while, the rate of condensation will be- 
come equal. to the rate of evaporation. When this happens, the 
vapour inside the closed container will be in a. dynamic equili- 
brium* with its liquid : 

evaporation 
Liquid > Vapour 


condensation 


At this equilibrium the space above the liquid is saturated 

« with respect to the molecules in the gas phase. The pressure exerted 

by the vapour, i e the molecules In the gas phase in equilibrium with 

its liquid at a given temperature is called the vapour pressure of the 

liquid at that temperature. The vapour pressure does not depend 

upon the quantity of liquid present, the area of its surface, or the 

volume of the vapour. it, however, depends upon the temperature 

` and the nature of the liquid (polar liquids, e.g., ether and ethyl 

alcohol, with weaker forces of attraction between their molecules, 
have higher vapour pressure than more polar liquids, e,g., water). 


molecules 
of the liquid 


initial level 
of liquid 


level after 
exposure'for 


a few days 


Fig. 3-4. (a) Molecules of liquid can (b) Molecules of liquid do not 
escape from the open container, escape from the closed container 
and evaporation occurs. and dynamic equilibrium occurs. 


*The equilibrium which is established with the opposing change s, e.g., 
evaporation and condensation, involved being in full operation and bala nced is 
called dynamic equilibrium 
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2-3. Vapour pressure and temperature. As the temperature 
increases, the vapour pressure increases, This is due to an 
increase in the kinetic energy of the molecules or the rate of 
molecular motion with an increase in temperature. The result is a 
more rapid escape of molecules from the surface of the liquid and 
‘thus a higher equilibrium vapour pressure, 


vapour pressure (mm of Hg) 


0 20 40 60. 80 100 
temperature (9C) 


ig. 3- temperature curves for water, etbyl 
Dd VD ether. 
The influence of temperature variation upon vapour pressure 
‘is represented in Fig. 3-5, which is a curve comparing vapour 
pressure at various temperatures for the very polar liquid water to 
the much less polar liquid ethyl alcohol and the still less polar 
liquid ether, The curves are all logarithmic. aud it will be noted 
thatthe increase per degree increases as the temperature rises. 
At any temperature, however, the vapour pressure of „water is 
lower than that of ethyl alcohol, and that of ethyl alcoholis lower 
than that of ether. 
liquid—vapour equilibrium, only one vapour pressure 
Mu to each Temperature specified, Conversely, if the 
vapour pressure is specified, there is à corresponding temperature: 
‘in both Cases, the system has one degree of freedom, and once one 
wariable is specified the other is fixed. The same result can be 
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arrived at by the application of phase rule to the liquid—vapour 
equilibrium which has two phases and one component. So, the 
number of degrees of freedom 


F=C—P+2 
=1—2+42 
=1 


and the system is univariant, The system can be completely defined 
by specifying cither the temperature or the vapour pressure. 


3. Boiling Point 


A liquid boils at a temperature at which its equilibrium vapour 
pressure becomes equal to the external pressure against the liquid. 
This temperature is called the boiling point of the liquid, Depend- 
jng on the external pressure applied, a liquid can have any number 
of different boiling points. For comparison, therefore, one parti- 
cular external pressure —760 mm of mercury— called one atmos- 
pheric pressure (1 atm) is arbitrarily chosen as standard. Thus, 
the normal boiling point of a liquid is defined as the temperature 
at which its vapour pressure is equal to 760 mm of mercury. For 
example, we can see from Fig. 3-5 that the boiling point of water 
is 760°C, of ethyl alcohol 78°C, and of ether 35°C. At high 
altitudes where the atmospheric pressure is less than 760 mm, a 
liquid will boil at temperatures below its normal boiling point. 
Conversely, a liquid will boil at temperatures higher than normal 
under external pressures greater than one atmosphere. In pressure 
cookers water boils at a temperature higher than normal due to 
a high equilibrium vapour pressure inside the container. Therefore, 
the food is cooked faster than in open vessels. 


The boiling point of a liquid at standard pressure depends on 
two main factors, its molecular weight and its molecular structure. 
The larger the molecular weight the heavier the molecules with 
lower average speeds at a given temperature; so, the fewer mole- 
cules escape from the liquid. This explains the progressive rise 
in boiling point with rising molecular weight in a homologous 
series of organic compounds. As to the molecular structure factor, 
it may be noted that polarity and hydrogen bonding in the mole-- 
cules cause rise in boiling points. 


4. Solid—Liquid—Vapour Equilibria 


The relation between the solid, liquid, and vapour phases 
of a given substance can be represented graphically by means of 
a phase diagram of that substance. A phase diagram is developed 
by plotting pressure against temperature for a single substance. 


4-1. Phase diagram of water. Fig. 3-6 shows the phase dia- 
eram of the water system. This is a one component system, HO 
being the only chemical involved. The three phases taking part in 
the system are ice (solid), liquid water (liquid), and water vapour 
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(gas). The number of phases that can exist simultaneously depends 
on the conditions of temperature and pressure. 


C 
| ee ie ae ee 
g E 
3 s 
9 5 
5 2 
1atm 


0° 100° Te 
temperature (°C) — 
Fig.3-6, Phase diagram of water. 


The curve OA shows the variation of the vapour pressure of 
water with temperature. Each point on this curve corresponds to 
. a definite pressure and a definite temperature at which boiling 
occurs, and water and vapour are in equilibrium. As the pressure 
is increased, the boiling point of water increases until the critical 
point A is reached. Here the boundary between the liquid and 
vapour states disappears and the densities of the liquid and the 
vapour become identical. The temperature Ts corresponding to 
the critical point is called the critical temperature (374°C for 
water). The liquid state cannot exist above the critical tempera- 
ture, no matter how great the pressure, The pressure P, corres- 
ponding to the critical point is called critical pressure (2177 atm 
for water), and it is the minimum pressure that causes the 
appearance of the liquid state at the critical temperature, 


The curve OB, which may be continued to the absolute zero, 
depicts the variation of the vapour pressure of ice with tempera- 
ture. The points on the curve OB show the conditions of 
equilibrium between ice and water vapour, The curves OA and OB 
meet at the point O. This point lies on the curve OA along which 
water and vapour can coexist and it also lies on the curve OB 
along which water and ice can coexist, So, the point O corresponds 
to the temperature and pressure at which all three states can 
remain in equilibrium.with each other. This point is therefore 
called the triple point. For water, the triple point occurs at 
0'01*C and 4°6 mm of Hg (about 0'006 atm). From curve OB it 
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will be noted that if the vapour at some pressure below that if the 
triple point is cooled sufficiently, the vapour will directly change 
to solid without forming liquid as an intermediate stage, This 
represents the condition under which snow is produced: in the 
upper atmosphere. Conversely, the solid will directly change to 
vapour upon heating if the pressure of the vapour is not allowed to 
rise above that of the triple point (sublimation). 


The curve OC shows the effect of pressure on the melting 
point of ice. Each p-int on this curve corresponds to a definite 
temperatur- and a definite pressure at which melting occurs and 
ice and watcr vapour are in equilibrium with each other. The line 
OC inclines very slightly to the left because the melting point of 
water is lowered by raising the pressure*, The steepness of the 
curve OC shows that appreciable pressures are required to reduce . 
the melting point. When an ice skate glides across a sheet of ice, 
the pressure of the blade reduces the melting point of the ice 
below the normal melting point. The skater thus glides along on a 
thin layer of water directly under the blade. 


The curve OA represents the vaporization of water, and is 
called the vaporization curve. The curve OB represents the sub- 
limation process and is called the sublimation curve. The curve OC 
represents the melting of ice, and is called the fusion curve, 


The curves OA, OB and OC divide the phase diagram into 
three areas, each area corresponding to only one of the three 
physical state of water. : At temperatures and pressures correspond- 
ingto points in the area AOC liquid is the only stable phase. 
Similarly, under the conditions of the area BOA water can exist 
only as o and under the conditions of the area COB water 
can exist only in the solid phase, i.e., as ice, 


4-2. Significance of areas, lines, and points in the phase 
diagram. Each area in the phase diagram represents a particular 
bivariant system corresponding to the existence of a single phase. 
To define the system at any point within an area it is necessary to 
specify both the pressure and temperature, Thus any system 
—vapour, water, or ice—represented by an area has two degrees 
of freedom. The same conclusion is reached by the application of 
phase rule ; F=C—P-+2—1—1+2—2. 


The lines in the phase diagram represent the conditions under 
which two of the phases are in equilibrium with each other. To 
describe the system corresponding to a line, it is necessary to 
specify either the temperature or the pressure; either the tempera- 
ture or the pressure is changed, then one phase disappears. Thus, 
the lines represent univariant systems with one degree of freedom, 


*Water is one of the very few substances whose melting point decreases. 
as the pressure is increased; two other common examples are and type 
metal. For most substances OC has a steep positive gradient, i.e., aü incline. 
towards right. 


oc Y 
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€g., Water—vapour, water—solid, or solid—vapour system, This 
also follows from the phase-rule : 
F-C—P42—1—24-2—1. 

The triple point O corresponds to the only set of tempera- 
ture and pressure conditions at which all three phases, solid, 
liquid, and vapour, are in equilibrium with each other. If either 
the pressure or the temperature corresponding to this point is 
changed, one of the three phases will disappear, Thus, the system 
at O has no degree of freedom; it is invariant. This can be deduced 
by applying the phase rule : FeC—P 4-2«- 1—34-2—0, 

The various phase equilibria in the one component water 
System along with their locations in the phase diagram (Fig. 3-6). 
and degrees of freedom are summarised in Table 3-1. 


Table 3-1 Phase equilibria in the water system : 
Component = 1 


Equilibria 


L n Phase equilibria 
1. Liquid water 


Degree of freedom 
(Fe ES +2) 


Location on phase diagram 


Area AOC, marked water Two (bivariant) 
2. Water vapour Area AOB, marked vapour [ Pej—1+2 
3. Ice Area BOC, marked ice =2 
IL. Two phase equilibria 
1, Water and vapour Along OA (vaporization curve) -One (univariant) 
2. Ice and vapour Along OB (sublimation curve) [ Fel—2+2 
3, Ice and va Along OC (fusion curve) =i 


pour 

IN, Three phase equilibri 

1. Ice, water and vapour | At point O (triple point) Pus eMe epu 
el—3+2= 


By carefully lowering the temperature water may be cooled 
below its freezing point (0°C) without solidification occurring. This 
Phenomenon is cooled supercooling. It is represented on the 

diagram by the extension of AO to A’. Along the line 

A’ the liquid-vapour system exists in a condition of metastable 
equilibrium*, On scratching or on adding a small amount of ice 
to the metastable liquid—vapour system, all of the liquid phase 
immediately solidifies, that is, changes into the stable solid phase. 
It may be noted from Fig. 3-6 that at any temperature the meta- 
Stable system has a higher vapour pressure than the stable system, 
This indicates the tendency for the metastable system to pass into 
the stable system. 


5. Enantiotropy and Monotropy 


The existence of the same substance in two or more different 
Crystalline forms is called polymorphism. This phenomenon is 
exhibited by elements and compounds both, The polymorphism of 


*A metastable equilibrium or state may be defined as one in which the 
phase which is normally stable under the given conditions does not form 
» Unless a small amount of the normally stable phase is already present. Á 


T $ 
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elements is commonly referred to as allotropy. Two main types 
of polymorphism are enantiotropy and monotropy. 


5-1. Enantiotropy. The main characteristics of enantiotropy 
are : 


1. Each polymorphic form (allotrope) is stable over a definite 
range of temperature. 


2. Ata certain definite temperature, the different solid forms 
exert the same vapour pressure and can exist in equilibrium with 
each other, This temperature is called the transition temperature. 


3. Each polymorphic form can be directly converted into the 
other by varying the temperature. 


The polymorphism of sulphur is one of the best examples of 
enantiotropy. It exists in two forms: rhombic sulphur and mono- 
clinic sulphur, The transition temperature between the two forms 
is 95°6°C (under 1 atmosphere pressure). Rhombic sulphur, when 
heated under 1 atmosphere pressure, changes into monoclinic 
sulphur at 95°6°C. On the other hand, monoclinic sulphur when 
cooled under 1 atmosphere pressure, changes into rhombic sulphur 
at 95'6°C. The reversible transformation of polymorphic forms into 
one another at the transition temperature is known as enantiotropy 
and the polymorphic forms involved are called enanféotropes. 


5-2. Phase diagram of sulphur, Since each polymorphic form 
constitutes a separate phase, sulphur exhibits four phases: liquid 
sulphur, sulphur vapour, rhombic sulphur, and monoclinic sulphur. 
However, the sulphur system is a one component system since ali 
2 eua are represented by the same chemical substance— 
sulphur. 


The phase diagram of shulphur is shown in Fig. 3-7. AB is the 
vapour pressure curve of rhombic sulphur and BC is the vapour 
pressure curve of the monoclinic form. B is the transition tempera- 
ture (95°6°C) at which each enantiotrope changes into the other if 
the temperature is varied slowly, If rhombic sulphur is heated 
strongly, however, the temperature rises rapidly through the transi- 
tion temperature, The rhombic sulphur retains its form for a while, 
though in a metastable state, until it melts at 114°C, represented 
by the point O. The dotted curve BO represents the vapour pressure 
curve of the metastable rhombic sulphur. A similar situation arises 
when monoclinic sulphur is cooled tains the transition tempera- 
ture. It does not change into the rhombic form at B but remains 
in a metastable monoclinic form for a while, This is represented 
by the dotted line BG. The curve CD is the vapour pressure curve 
of liquid sulphur; C being the melting point (120°C) of monoclinic 
sulphur under its own vapour pressure (0°04 mm of mercury), 


Curve BE shows the influence of pressure on the transition 
temperature between the rhombic and monoclinic forms, and curve 
CE shows the influence of pressure on the melting point of mono- 
clinic sulphur. The metastable curve OF depicts the influence of 
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pressure upon the melting point of rhombic sulphur. It will be 
noted that the result of applying a high external pressure is to raise 
the transition temperature as well as the melting points of the 
monoclinic and rhombic forms. Thus the points B, C, E, and F are 


all triple points where three phases are in equilibrium with each 
other as shown in Table 3-2. 


rhombic 


/ 
móno- 
clinic 


Ni 


pressure (nol to scale) 


vapour 


temperature (°C) 


Fig. 3-7. Phase diagram of sulphur. 


Table 3-2. Phase equilibria at the triple 
points in the sul phur system 
Triple point Phases in equilibria with each other 
B Rhomic sulpbur, monoclinic sulphur, sulphur vapour 
c Monoclinic sulphur, liquid sulphur, sulphur vapour 
E Rhombic sulphur, monoclinic sulphur, liquid sulphur 
o 


Rhombic sulphur, liquid sulphur, sulphur vapour 


3 At any triple point, the system has no degrees of freedom, i.e, 
i E ariani, The phase rule also predicts the same: F=C—P+. 
—1—34-2-0. 
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The four areas marked rhombic, monoclinic, liquid, and 
vapour represent the various conditions of temperature and pressure 
under which the corresponding phases are stable. Each arca has 
only one phase, and the phase rule predicts that the number 
of degrees of freedom is i—1--2 or 2. This means that both tem- 
perature and pressure may be varied independently without the 
disappearance of the existing phase or the reappearance ofa new 
phase. Thus, the monoclinic sulphur can exist in a stable condition 
Spey the limits of temperature and pressure set by the points 

and E. 


Each curve in the phase diagram represents two phases in 
eguilibrium. Each point along the curve has only onc degrec of 
freedom : 1—2--2— 1, For example, if the temperature is specified 
at any point along BA representing rhombic sulphur—sulpbur 
vapour equilibrium, the pressure is automatically fixed. The 
' various two phase equilibria represented by the various lines in the 
phase diagram of suiphur are given in table 3-3. 


Table 3-3. Phase equilibria along the curves 
in the sulphur system 


Curve Phases equilibria with each other 
1, AB Rhombic sulpbur—sulphur vapour (stable) 
2, BO » a » lis (metastable) 
3. BC Monoclinic sulpbur—sulphur vapour (stable) 
4-28 » 0 META " (metastable) 
3, cD Liquid sulphur—sulphur vapour (stable) 
$. oc ” : ^" ” oat (metastable) 
7. BE Rhorbic sulphur—moncclinic sulphur 
8, CE Monoclinic sulphur—liquid sulphur 
9. OF Rborbic sulphur—liquid sulphur (metastable) 


5-3. Monotropy. The chief features of monotropy are : 


1. Only one polymorphic form is stable, any other form being 
unstable under all conditions. 


2. There is no definite temperature at which the two solid 
forms are in equilibrium with each other. 


3, The meiastable form can directly change into the stable 
form; the direct change of the stable form into the metastable form 
does not occur. 


One of the best known examples of monotropy is provided 
by phosphorus. its polymorphic form called red phosphorus is 
stable at all temperatures Up to its melting point. The other poly- 
morphic form, called white phosphorus, is the metastable form 
which changes into the red phosphorus very slowly at room tem- 
perature and rapidly on heating. However, red phosphorus cannot 
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be changed directly into white phosphorus. Such polymorphic 
forms which cannot reversibly changed into one another are said to 
be monotropic and the phenomenon is called monotropy. 


5-4. Phase diagram of phosphorus. A simplified phase dia- 
gram of phosphorus is shown in Fig. 3-8. On this diagram, AB is 
the vapour pressure—temperature curve for red phosphorus which 
melts at B corresponding to 590°C. DE isthe vapour pressure— 
temperature curve for white phosphorus which melts at E corres- 
ponding to 44°C, At any temperature, the vapour pressure of the 
metastable white phosphorus is higher than that of the stable red 
phosphorus, Hence, white phosphorus terids to change into the red 
form. BC is the vapour pressure—temperature curve for molten 
red phosphorus, Thus B is the triple point at which solid red 
phosphorus, liquid red phosphorus, and phosphorus vapour exist 
in equilibrium with each other, Curves BF and EF depict the effect 
of pressure on the melting point of white phosphorus and red 
phosphorus respectively, Thus E is the triple point at which solid 
white phosphorus, liquid white phosphorus, and phosphorus vapour 
are in equilibrium. , 


Curves AB and DE may be extended to meet at F which is 
theoretically the transition temperature between the two forms of 
phosphorus. However, the point F has no significance since it is 
above the melting point of either form at atmospheric pressure. 


A stable allotrope does not change spontaneously into the 
metastable form. Hence, in order to convert red phosphorus into 
white phosphorus the former is either melted or vaporized and the 
liquid or vapour obtained cooled rapidly. The system then follows 
the path CBE and crystals of the white form are deposited at the 
point E, 


pressure (not to scale) 


temperature (*C) 


Fig. 3«8, A simplified phase diagram of phosphorus. 
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TWO COMPONENT SYSTEMS 


6. Solutions of Gases in Liquids 


When a gas dissolves in a liquid, it may form a physical 
dispersion, or it may react chemically with the liquid and form 
new chemical species. Thus, oxygen dissolves in water by means 
of physical dispersion while ammonia dissolves largely by the 
chemical reaction : NH34-H4O — NH,*--OH-. Carbon dioxide 
dissolves in water both by physical dispersion and to some 
extent by chemical reaction with water to form carbonic acid : 
CO; + H:O -> H,COs. Here, we shall consider the solutions of 
gases in liquids resulting from physical dispersion. 


Gaseous molecules that disperse in a liquid may subsequently 
escape from the liquid. When the rate of escape equals the rate 
of dispersal, the system attains the state of equilibrium. In a system 
consisting of a gas in equilibrium with its saturated solution in a 
liquid there are two components and two phases, since the solution 
of the gas in the liquid is itself a single phase That is, C and P are 
both equal to 2. Applying the phase rule, F—C—P 4-2, the number 
of degrees of freedom. 


F=2—2+2=2 


Thus, for the system to be completely defined the two variables, 
—temperature and pressure—must be fixed. 


, 6-1. Influence of pressure : Henry's Law. The solubility of a 
gas in a liquid depends upon the pressure of the gas. The quantita- 
tive relationship between the pressure of a gas and its solubility 
is expressed by Henry's Law as follows ; 


“At constant temperature the weight ofa gas which dissolves 


in a given volume of a liquid is directly proportional to the pressure 
of the gas." 


For example, nitrogen has a solubility of 0*003g in 100g of 
water at 0°C under atmospheric pressure, If the pressure on the 
gas is doubled, its solubility increases to 0'006g, or twice as much, 
under the same temperature condition. 

It may be noted that Henry’s Law is applicable only when— 

(1) the temperature is not very low, 

(2) gas pressure is not very high, and 


(3) chemical changes either do not occur or are insign ‘icant 
in the formation of the solution. 
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Henry’s Law can be qualitatively explained both in terms of 
Le Chatelier’s principle and the kinetic theory of gases. According 
to Le Chatelier’s prin- 
ciple, when a system 
in equilibrium is sub- 
jected to a stress, such 
as a change in tempe- 
rature or pressure, the 
equilibrium shifts in 
the direction that 
tends to relieve the 
effect of the stress. 
Thus when the press- 
ure on agas in con- 
tact with a liquid is 
increased, more of the 
gas disperses into the 
liquid so that the pig 3.9, A gas dissolving in a liquid under, 
effect of increased pressure (dots represent molecules of the gas.) 
pressure is annuled. 
In terms of the kinetic theory of gases, àn increase in pressure 
leads to a decrease in volume, /.e,, a larger number of gas mole- 
cules are accommodated in the same space (Fig. 3-9), 


Since according to Boyle's Law the volume of a given mass of 
gas is inversely proportional to the pressure, Henry's Law may also 
be stated in the form: “The volume of a gas which dissolves in a 
given volume of a liquid at constant temperature is independent of 
pressure." 


Applications of Henry's Law. The production of carbonated 
beverages depends on Henry's Law. The gas which adds the acidic 
flavour to soft drinks is carbon dioxide. Under ordinary atmos- 
pheric pressure the amount of gas which dissolves is not enough to 
create the desired acidity. Hence, carbon dioxide is forced into the 
liquid beverage under a pressure of 5 to 10 atmospheres, causing 
enough carbon dioxide to dissolve to give the proper bite to the 
drink. The bottle is tightly capped to prevent escape of carbon 
dioxide and maintain the pressure. When the cap is removed, the 
pressure is reduced to one atmosphere, and much of the carbon 
dioxide escapes from solution as gas bubbles, This is why carbo- 
nated beverages fizz or effervesce when poured into an open glass 
tumbler. often producing abundant foam. 


In the Bosch process for the manufacture of hydrogen, carbon 
dioxide is removed from its mixture with hydrogen by forcing it 
into water under 50 atmospheres pressure. Henry's law is also 
applied in storing acetylene by dissolving it in acetone under a 
pressure of about 30 atmospheres. 


6-2. Influence of temperature. In a gas the molecules are 
far apart and they interact very weakly. When a gas dissolves in a 


` 
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liquid, the gas molecules come close to the solvent molecules and 
they attract each other, lowering the potential energy. Hence, 
when a gas dissolves in a liquid, heat is evolved. It follows, there- 
fore, from a consideration of Le Chatelier's principle, that with an 
increase in temperature, less gas will dissolve. In general, the 
solubility of gages decreases as the temperature is raised. It is a 
common experience to observe the formation of gas bubbles in a 
glass of cold water left to stand ina warm room; as the water 
warms to room temperatüre the dissolved air escapes as bubbles. 
Table 3-4. shows the influence of temperature upon the solubility 
of some common gases in water at atmospheric pressure. 


Table 3-4. 


Amount of gas dissolving in 100g of water at 1 atm pressure 


Temperature and solubility of gases 


Gas orc 20°C 60°C 
—Àr 

Oxygen 07007g i 07004g 0'002g 

Nitrogen 0'003g 0°002g 0 001g 

"Carbon dioxide 03378 i 0°200g 0 070g 

Ammonia 0'983g 0574g 0225g 


Ifa solution of ammonia in water is boiled for some time in 
the open air, the dissolved gas is completely expelled leaving 
behind pure water. This ready removal of a gas from a boiling 
solution occurs because the gas diffuses into the bubbles of vapour 
which are removed more rapidly than the liquid is itself vaporized. 
It is,'therefore, wrong to infer that the solubility of a gas in water 
at 100°C is nil, because the gas is not in equilibrium with the 
solution when the solution is boiled in open air. If the ammonia 
solution is boiled in such a way that the boiling solution remains in 
contact with the expelled gas at 1 atmosphere pressure, the con- 
centration of ammonia in solution would remain at 0'15g in 100g of 
water which is the equilibrium level for this temperature, however, 
long the boiling is continued. Ammonia in water may also be 
removed by bubbling air through the solution because the conti- 
nual flow of air sweeps the volatile ammonia and prevents the 
establishment of equilibrium. These examples show why the 
solutions of gases in liquids should be regarded in terms of an 
equilibrium between two phases. 


7. Solutions of Liquids in Liquids 


Depending upon their relative solubilities in one another, two 
liquids may be— i i 


(2) completely miscible in one another, 
(i2) partially miscible in one another, or 
(iii) immiscible in one another. 


7-1. Completely miscible liquid pairs. Two liquids are 
said to be completely miscible when they dissolve in each other in 
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all proportions to give a homogeneous mixture, e.g.. alcohol and 
water, benzene and toluene, etc. If the vapour pressure above a 
mixture of two miscible liquids is plotted against the composition 
of the mixture, it is found that such mixtures, are of three different 


types,. . 


Type 1. Whatever the composition, -the vapour pressure 
always lies between the vapour pressure of the two pure liquids. 
In such a case, the plot of the partial pressure of each pure liquid 
against the composition of the liquid mixture will be a straight 
line passing through the origin as indicated by curves ØR and PS 
(Fig. 3-10). The total vapour pressure, that is, the sum of the 
partia) pressures, will, therefore, also be a straight line as indicated 
by PR. Solutions behaving thus are said to be ideal solutions. 
Benzene—toluene solution is an example of ideal solution. 


temperature constant 


temperature constant 


apour pressure — -p 


> 2 m 
100% YY ~» 100% 
x — "X 
Fig. 3-10. The vapour pressure— Fig. 3-11. The vapour pressure 
composition curve for an ideal composition curve with minimum 
solution at constant temperature. in total vapour pressure curve, 


Type 2. At acertain composition the vapour pressure has a 
minimum value which Is less than the vapour pressure of either pure 
liquid. This composition is called the minimum vapour pressure 
composition, In the vapour pressure—composition curve for such a. 
solution the total vapoür pressure curve passes through a minimum 
value below the vapour pressures of the component liquids (Fig. 
3-f1). Nitric acid-water, and hydrochloric acid— water solutions 
are examples of this type of solutions. : 


Type 3. Ata certain composition the vapour pressure has a 
maximum value which is greater than the vapour pressure of either 
pure liquid. 'The composition is called the maximum vapour pressure 
composition. In the vapour pressure-composition curve for such a 
solution the total vapour pressure curve passes through a maximum 
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value above the vapour pressures of the component liquids (Fig. 
3.12.) Ethylalcohol—water, and temperature constanr 
acetone—methyl alcohol solutions 
are examples of this type of 
solutions. 


The liquid—liquid solutions 
that have vapour pressures smaller 
or greater than the vapour pressure 
of either component are called 
non-ideal solutions. The vapour 
pressure—composition curves of the 
three types of solutions are shown 
all together in Fig, 3.13. The 
boiling point—composition curves 
ofthe three types of solutions are 
shown in Fig. 3-14. It may be 
noted that the boiling point—com- _ 
position curves are more or less uU meets Ele E erar 
inverted shapes of the vapour pres- “in total Manage ESTA e 
sure—composition curves, This 
is because a liquid boils at a temperature at which its vapour 
pressure becomes equal to the atmospheric pressure. Hence, the 
point of maximum vapour pressure in a vapour pressure—composi- 
tion curve will correspond to a minimum in the boiling point— 
composition curve and vice-versa. 


vapour pressure — y 


temperature constant pressure constant 
1 
: t 
5 - 
P = 
H è 
E: e| 
5 = 
2 E 
5 o 
> > 
100% 96Y — 100% 100% aay 0% 
X — 9X Y x = % X 
Fig. 3-13, Vapour pressure— Fig, 3-14, Boiling point— 
composition curves of the composition curves of the 
three types of solutions. three types of solutions. 


8. Fractional Distillation 


Fractional distillation is the process of separation of a mixture 
of liquids which have different boiling points, by collecting separately 
*fractions' boiling at different temperatures. It is possible only when 
the vapour from the liquid mixture has a composition different 
from that of the boiling liquid mixture itself. Hence, to under- 
stand the process of fractional distillation it is essential to have an 
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idea of the composition of the vapour phase and that of the liquid 
phase in equilibrium with it at different boiling temperatures. For 
this purpose the composition of the liquid and its vapour present 
in equlibrium with it are plotted against the boiling point ofthe 
liquid mixture when two separate curves are obtained for each type 
of solutions (Fig, 3-15, 3-18, and 3-19). 


8-1, Fractional distillation of Type. I liquid mixtures 
(deal solutions). The temperature—liquid/vapour composition 
diagram of a Type I liquid mixture pressure constant 
is shown at Fig. 13-15, The upper : 
curve represents the composition 
of the vapour while the lower 
curve represents the composition 
of the liquid. At any particular 
composition of liquid the vapour 
over it is always richer in the 
more volatile (i.e., low boiling) 
component than is the liquid with 
which it is in equlibrium. Thus, 
when at temperature T a liquid 
of composition Lj commences to 
boil it gives rise to vapour of 10077 [AEn 100% 
composition, Vi. If the vapour x — «Xx y 
Vı is condensed it will produce 
liquid L which is richer in the 5 diss 
more volatile component X. The Fig. 3-15. Temperature—liquid/ 
residual liquid is richer in the “fpe 1 DET mixtures (ideal 
less volatile component Y so solutions). 
that the boiling poit of the 
liquid mixture rises steadily towards the boiling point of the less 
volatile component Y. If liquid Ls is heated vapour of composition 
Vs will be produced which will condense to liquid Ls further richer 
in the more volatile component X, Thus, by a series of vaporiza- 
tions and condensations, called fractional distillation, it is possible 
to completely separate the two components of an ideal solution 
from one another. 


temperature — 
< 


Fractionating columns. In actual practice the successive 
vaporizations and condensations are effected in one and the same 
Operation by means of a fractionating column. The fractionating 
column consists of a long column with specially designed bulbous 
surfaces (Fig. 3-16). It is fitted into the mouth of the distillation 
flask (Fig. 3-17) in which the liquid mixture to be fractionated is 
heated. The vapour from the flask Passes upward the fractionating 
column and is progressively condensed. Thus, the ascending vapour 
and descending liquid are brought into as intimate contact as 
Possible so that an equlibrium between the two exists at every 
stage. The ascending vapour progressively loses the less volatile 
component by condensation as it is cooled by the descending liquid. 
The descending liquid, on the other hand, progressively loses the 
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more volatile component as it is heated by the ascending vapour. 
The effect is the same as repeated condensation and vaporization 
and, under ideal conditions, the vapour of the more volatile com- 
ponent issues from the top cf ine column (Fig. 3-17). Fractional 
distillation is of great importance ın the separation of oxygen 

nitrogen, and inert gases from liquid air, and in the refining 
of petroleum. Industrial fractionating columns are extremely 
complicated structures and may be up to 30 metres tall, 


thermometer 


E vapour of more 


volatile component 


FUSE 
A 


column 


neck of 
distillation flask 


Fig. 3-16. Fractionating Fig. 3-17. Fractional 
columns. distillation. 


8-2. Fractional distillation of Type TI liquid mixtures 
(maximum boiling point mixtures). In the case of liquid—liquid 
solutions where the total vapour pressure curve exhibits a minimum 
(Fig. 3-10), it is impossible to separate the components by distilla- 
tions, The temperature—liquid/vapour composition diagram of a 
Type If liquid mixture is shown at Fig. 3-18. On distillation, the 
composition of the residual liquid mixture changes gradually and 
its boiling point rises slowly until the liquid remaining in the flask 
has the composition C. Now the vapour has the same composition 
as the liquid with which itis in equilibrium and hence the two 
distil together at constant temperature. Such mixtures which 
distil over unchanged are known as azeotropic mixtures or simply 
pes. Thus, in the case of Type Ii solutions complete separa- 


azeotro i ns comj 
tion of components cannot be achieved by distillation, Instead, 
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only that constituent which is present in greater proportion than 
in the azeotropic mixture can be obtained pure. 


Suppose the liquid—liquid solution of Type II has the compo- 
sition L; (greater proportion of the more volatile component X). 
When heated, it commences to boil at the temperature T evolving 
vapour of composition V;. If the vapour at V; is condensed to a 
liquid, its composition would correspond to La. When heated 
‘this liquid evolves vapour of composition Vs. Thus, the vapour 
becomes progressively richer in X until finally the pure component 
X distils off The residual liquid becomes progressively poorer in 
X until it attains the composition of the constant boiling-point 
nike C which distils off unchanged at a constant temperature, 

cn 


The liquid—liquid solution with a greater proportion of the 
volatile component Y will give pure Y as the first fraction, 
Suppose, the composition of the pressure constant 
mixture corresponds to Ly. On 
heating it gives rise to vapour 
V, which condenses to give 
liquid Ls, with a still greater T 
proportion of Y. When heated, 
Ls evolves vapour Vs and soon 
until pure Y distils off. With the 
loss of Y the residual liquid 
becomes progressively richer in 
X and when it attains the com- t 
position of the point C the constant boiling- 
azeotropic mixture distils over point mixture 
unchanged at a constant tempera- — 10097 ZY E 100% 
‘ture, T,. X 

There are several liquid— 
liquid solutions which form maxi- Fig, 3.18. Temperature—liquid/ 
mum boiling point mixtures. vapour composition curve of Type IT 
Some of such mixtures along liquid. mixtures. 
with their compositions and boiling points are given in Table 3-5. 


temperature — 


Table 3-5 Some maximum boiling-point mixtures 
Mixture Composition Boiling point 
Sulphuric acid—water 98°7 per cent H2SO4 338°0°C 
Nitric acid—water 68'0 per cent HNOs 125'5°C 
Hydrochloric acid—water 20°2 per cent HCI 108'6C 


Hydrobromic acid—water 48'0 per cent HBr 125°0°C 
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8-3. Fractional distillation of Type III liquid mixtures 
(minimum boiling point mixtures). In the case of Type III liquid 
mixtures, too, pure components : 
cannot be separated by distillation. pressure constant 
The temperature—liquid/vapour 
composition curve of such a mix- 
ture is shown at Fig. 3°19. 
Suppose the composition of the 
liquid is Lı. When heated, it 
evolves vapour of composition V; 
which cools to give liquid Ly. On 
heating Ls give rise to vapour Vs 
and so on. Finally, the liquid 
attains the composition of the 
minimum constant boiling point 
mixture C and this continues to 
distil over until whole of X has 1997 100% 
been v aporized. The pure compo- x” Y? 
nent liquid Y is left behind in the 
Manon des Some examples s "Eje IE pl a pal 
of minimum boiling point azeo- : 7 
tropic mixtures along with their {othe temperature at which con. 
compositions and boiling point stant boiling point mixture distils). 
are given in Table 3-6. 


temperature — 


Table 3-6. Some minimum boiling point mixtures 

Mixture Composition Boiling point 
Ethyl alcohol—water 95'6 per cent CSH5OH 78°13°C 
Ethyl alcohol—ethylacetate 46°4 per cent CaHsOH 71°80°C 
Ethyl acetate—water 30°5 per cent water 70:40*C 
Pyridine—water 59'0 per cent pyridine 92'00*C 


9, Partially Miscible Liquids 


Some liquids exhibit partia/ miscibility in one another. That 
is, they dissolve in each other only in certain proportions and not 
in all proportions. For example, if phenol is added to water drop 
by drop, at first it dissolves completely forming a homogeneous 
solution, but there comes a point when phenol no further dissolves 
and two separate liquid layers are formed. The upper layer is a 
saturated solution of phenol in water and the lower one is a satu- 
rated solution of water in phenol. If more phenol is added a stage 
is ultimately reached when whole of the water present dissolves in 
phenol, and the boundary between the two layers then disappears. 
Diethyl ether—water, aniline—water, nicotine—water, etc , are 


some more examples of partially miscible liquid pairs. 
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If the compositions of the conjugate solutions of the phenol- 
water system are plotted against temperature, a diagram shown at 
Fig.3-20 is obtained. In this 
diagram, at any temperature /; the oc 
points A and B give the composi- 
tions of the two layers in equili- 
brium with each other, As the 
temperature is raised the composi- 
tions of the two Conjugate solutions 
approach one another due to in- 
creased solubility of each liquid in 
the other, At point C, correspond- 
ing to 65:8?C at atmospheric pres- 
sure, the two layers merge into 0 L 
one, i.e., become identical incom- 1009, 20 40 e) 8 a 
Position. This lowest temperature phenol 8 60 40 20 keaser, 
at which the two liquids are misci- À 
ble in all proportions is known as Fig. 3-20. Miscibility of phenol 
the critical solution temperature*. and water. — 
The shaded area ACB in the dia- 
gram corresponds to conditions of immiscibility, and is ‘called the 
miscibility gap. At all points outside the miscibility gap the two 
pb ice phenol and water are completely miscible in one 
another, 


pressure constant 


F-C—P.-2 
-2—14-2 
-3 


However, the Pressure variable is taken as fixed at one atmosphere. 

ence, the number of degrees of freedom will be 2. These are 
temperature and pressure and both must be stated to define comp- 
etely a system consisting of only one phase, 


The system nicotine—water has an upper critical solution 
temperature like the phenol—water System and a lower critical 
Solution temperature like the triethylamine—water System, Thus, 
uader high pressures its miscibility curve is a closed loop as shown 


3 3 
"Experiments show thal the critical solution temperature is very sensitive —- 
to the presence of impurities, falling to room temperature on adding about 
1 per ceat of Soap and rising several degrees if even trace of benzene are 
introduced, 
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in Fig. 3-22. At the conditions corresponding to the area inside 
the closed loop the two liquids are immiscible and exist as two 
distinct phases; under all other conditions they from a solution of 
uniform composition. 1 


EPA 


SS Bg EA 
one phase 


o 40 60 80 100 0 
composition 0 20 40 60 80 100 
(94, of triethylamine) composition (94 of nicotine) 
Fig. 3-21. Miscibility of triethyl- Fig. 3-22. Miscibility of 
amine and water. nicotine and water. 


10. Immiscible Liquids 


Many pairs of liquids are completely immiscible. Whe 
placed together in the same vessel in any proportions they separate 
out into two quite distinct layers. Examples are carbon disulphide 
and water, carbon tetrachloride and water, and mercury and water. 
In a mixture of two completely immiscible liquids A and B, each 
liquid exerts its own characteristic vapour pressure independently 
of the other. Hence, the total vapour pressure, Prorat, above the 
mixture will be equal to the sum of the vapour pressures of pure A 
and pure B at that temperature. That is, 


Provan=Pa+Ps (at T) 


where P4 is the vapour pressure of pure A and Ps the vapour pres" 
sure of pure B at that temperature. 


On heating the mixture, its total vapour rises with tempera- 
ture until it is equal to the atmospheric pressure when the system 
boils. At this temperature, i.e., at the boiling point of the mixture, 


P4--Ps—atmospheric pressure 


Since the vapour pressure of any single liquid at this tem- 
perature is less than the atmospheric pressure, the mixture will boil 
at a temperature which is lower than that at which either pure liquid 
boils (Fig. 3-23). Further, since- there are two components an 
three phases (liquid A, liquid B, and the vapour of A and B), the 
system is univariant, Thus, at a given temperature there can be no 


5 - 
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change in the total vapour pressure or in composition. Alter- 
nately, if pressure is constant (let it be atmospheric pressure), the 
boiling point as well as the composition of the vapour (and hence 
of the distillate) will remain unchanged. That is, the mixture will 
distil at a constant temperature so long at least some of each com- 
ponent is present giving the two liquids in constant proportion in 
the distillate. 


vapour pressure 


temperature Ta+B TA 
Fig. 3-23. Principle of steam distillation. 


Now, since at a given temperature gases exert pressures in 
Proportion to the concentration of the molecules, it follows that 
the ratio of vapour pressures of A and B (PA and Px) at the boiling 
point of the mixture is the numerical ratio between the number 
of moles of A and B distilling from the mixture. That is, 


Na Pa 
Ns Ps 
where Na and Ns are the moles of A and B in the vapour, 


If Wa and Wr be the actual weights of A and B in the vapour 
and M, and Mz their respective molecular weights, Na=Wa/Ma 
and Na=Ws/Ms. Substituting these values in the above equation, 


Wa [We _ Pa 
Ma | Ms Ps 
Wa _ Pa Ma 
on Wa Ps Mn 


. The foregoing equation tells that in the distillation of a 
mixture of two immiscible liquids, the relative weights of the two 
liquids in the distillate are directly proportional both (1j to the 
vapour pressures of the liquids at the distillation temperature and 
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(2) to their molecular weights. This may be illustrated by consider- 
ing the distillation of a mixture of water and bromobenzene 
(C;H;Br), a liquid completely immiscible with water. The mixture 
bals at 95:3*C, at which temperature the vapour pressure of water 
is 641 mm. The vapour pressure of bromobenzene at 95:3?C will, 
therefore, be 760 mm—641 mm—119 mm. Hence, the ratio of 
bromobenzene to water in the distillate will be as follows ; 

wt. of bromobenzene 

. . Wt. of water 


V.P. of bromobenzene x mol. wt. of bromobenzene 
x V.P. of water x mol. wt. of water 

119 mm _ 157 
— 641 mm ' 18 


Thus, despite its much lower vapour pressure, on a weight 
basis bromobenzene distils 1*6 times as fast as water owing to its 
much greater molecular weight. 

The facts described above constitute the basis for the separa- 
tion of substances by steam distillation. The process involves the 


' distillation of a somewhat insoluble substance with water. For 


successful steam distillation the substance should have a vapour 
pressure of at least 5-10 mm at 100°C. 


Procedure. The apparatus used in steam distillation is shown 
in Fig, 3-24, Steam is bubbled through the liquid mixture in a 


Fig. 3-24. Assembly for steam distillation. 
[A. Steam generating can, B. Safety tube, C. Pinchcock, 
D. Delivery tube, E, Flask containing the mixture, F. Tube 
connecting steam distillation flask to  Liebig's condenser 
G. Liebig's condenser, H. Adaptor, I. Product of steam distillation] 
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flask. The steam condenses giving up its latent heat of vaporization 
and eventually causing the mixture to boil. The vapour of the 
immiscible organic substance and steam escape from the mixture. 
"These are condensed in a descending condenser and collected in 
a receiver. If the substance is a liquid, it is seperated from the 
water by using a separating funnel; if a solid, by filtration. Solid 
and non-volatile impurities are left behind in the distillation flask. 


Steam distillation is particularly valuable when the desired 
‘substance boils above 100°C at atmospheric pressure and decom- 
poses at or below its boiling point. In such cases, steam distilla- 
‘tion serves as a convenient substitute for vacuum distillation, The 
process is also very useful when a relatively small amount of a 
substance is to be separated from a large bulk of solid or tarry 
‘material. 


11. Solutions of Solids in Liquids 


The process of a solid dissolving in a liquid solvent without 
any severe chemical change can be explained in terms of solvent— 
solute interactions called, in general, solvation. Where water is the 


solvent, the solvent-solute interaction is called hydration. When. 


a crystal is placed in a 

liquid in which it is soluble, fe] 

the molecules of the liquid 

begin to attach themselves 

to the constituent particles | + 

of the lattice (solvation). H 

For example, polar water 

molecules (Fig, 3-25) attach ; 

themselves to the Nat and Fig. 3-25. Polar water molecule represented 
Cl-ions in sodium chloride asin (a), and for simplicity, as in (b). 
crystal with their oppositely charged ends directed towards the 
ions. On the other hand, water molecules attach themselves to 
sugar molecules by hydrogen bonding through the hydroxyl groups 
of the latter, 


H H H H 


bs | [x | 
ph eee + H-O—> mS ---H-0 


sugar water hydrogen bonding 
fragment molecule with water molecule 


The solvent-solute interactions are accompanied with the 
release of energy called energy of solvation (energy of. hydration, if 
the solvent is water) which causes the affected crystal particles to 
vibrate vigorously. Provided the energy of solvation exceeds the 
‘energy needed to disrupt the lattice (i.e., lattice energy), the solva- 
ted particles break away from the solid crystal into the solvent, 
and further particles become solvated. The process continues 
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causing the solid to ‘dissolve’ in the liquid. This is shown dia- 
grammatically in Fig, 3-26. The dissolution in ionic lattices is 
further aided in a highly polar solvent, e.g., water, as the attraction 
between the ions is greatly reduced by the high dielectric constant 
of the solvent.* 


water —_ 
molecules ~ 


Fig. 3-26. NaCl dissolving in water. 


As a general rule, polar substances are soluble in polar 
solvents and non-polar substances are soluble in non-polar solvents. 
When an ionic crystal dissolves, the resulting solution contains 
ions; when a molecular crystal dissolves, the solution contains 


molecules. 


11-1. Saturated solutions. If a solute is added in small 
portions at a time to a given quantity of a solvent, with vigorous. 
stirring of the solvent after each addition, a stage is reached when 
the added solute no more passes into solution and remains un- 
dissolved, At this stage, it appears that the dissolving process 
stops. Actually, the particles of the solute continue to leave the 
crystalline solid as a result of solute—solvent interaction and go into 
solution. However, as the particles of solute in solution move 
about by diffusion, some of them collide with the solid and take up 
positions in the crystal lattice. This process is opposite of disso- 
lution-and is called crystallization. The processes of dissolution 
and crystallization balance each other in the presence of undissol- 
ved solute, and there is a state of dynamic equilibrium. The 
term dynamic refers to the fact that both processes occur continu- 
ously but at equal rates so that there is no change in the amount of 
the solute in solution, A solution which is in equilibrium with 
the undissolved solute at a specified temperature is called & 
saturated solution, That there occurs a continual exchange O 


*The attractive force between two opposite charges Q1 and Qs ata 
distance d is given by Oe , where E is the dielectric constant of the medium 


between the charges. The dielectric constant is a. measure of the tendency of the 
molecules to orient themselves in an electric field and depends on the dipole 
moment of individual molecules. For water E is about 80, so in its presence the 
binding forces between the ions will be reduced to an eightieth of their 


original value. 
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particles of solute between the solid and solution can be shown by 
mixing some solid containing a radioactive isotope with a saturated 


o Nat eCi- 
Fig. 3-27. In a staturated Fig. 3-28. An imperfect crystal 
solution of a salt containing mends its shape when placed 
undissolved salt, the ions sufficiently long in a saturated 
move from the crystal lattice solution (left) by simultaneous 
into solution and back into dissolution and crystallization 
the crystal lattice pattern. (right). 


solution, when the latter soon becomes radioactive by exchange. 
Similarly, if a crystal of imperfect shape is placed in a saturated 
solution of the same crystalline solid, it slowly ‘mends’ its shape 
by loss of particles to the solution and gain of particles from the 
solution (Fig, 3-28). 


11-2. Supersaturated solutions. If a saturated solution of 
a solid solute is prepared at an elevated temperature and then per- 
mitted to cool, the excess solute usually separates from the solution 
by crystallization. However, if the hot saturated solution is 
allowed to cool undisturbed after removing the undissolved solute, 
crystallization often does not take place. The solution then con- 
tains more solute than can be held in equilibrium with the undissol- 
ved solute. This state is called supersaturation and the solution 
is said to be supersaturated. If the supersaturated solution is 
agitated by stirring or shaking, or a ‘seed’ crystal of the solute is 
introduced into it, the crystallization of the excess solute occurs; 
after crystallization a saturated solution remains, Thus, a super- 
saturated solution represents a system in a metastable (unstable) 
condition. 


11-3. Effect of temperature on the solubility of solids, 
The process of dissolution of a solid is always accompanied with 
either the evolution or the absorption of heat. The reverse 
Processes of dissolution and crystallization under conditions of 
equilibrium between a solid and its saturated solution may be 
represented as follows : 


(1) solute+solvent+ heatSsolution (negative heat of solution) 
(2) solute+solvent=solution-+heat (positive heat of solution) 
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In the case of solutes which absorb heat on dissolving (i.e, with a 
negative heat of solution), the solubility increases with a rise in 
temperature; the reverse holds for solutes with a positive heat of 
solution. These effects of temperature variation are in accordance 
with Le Chatelier’s Principle. Thus, when the temperature of a 
solvent—solute system in equilibrium at a specific temperature is 
raised the equilibrium will move in such a direction as will tend to 
restore the system to its initial temperature. More solute will, 
therefore, dissolve if the heat of solution is negative while some 
solute will leave the solution should the heat of solution be positive. 
The dependence of solubility upon temperature requires that the 
solubility must be specified at a particular temperature. It is 
thus defined as follows : 


The solubility of a solute is Its concentration in solution, which 
ds in equilibrium with the solid solute at a particular temperature. 


The solubility is usually expressed in grams per 100 g of 
solvent at a specified temperature. Each substance has a characte- 
ristic solubility in a given solvent. For example, a saturated 
solution of copper sulphate in water at 0°C contains 14:3 g of it 
in 100g of watet. The solubility of copper sulphate in water is, 
therefore, 143g per 100g of water at 0°C, 


11-4. Determination of solubility. The solubility ofa solid 
at a given temperature is determined in the following steps : 


. 1. A saturated solution of the substance is prepared at the 
given temperature, 


2, Some quantity of the saturated solution is transferred into 
a weighed dish which is weighed again (difference in the two 
weights is the weight of the solution in the dish), and evaporated 
to dryness. 


3. The dish with the solid residue is weighed (this weight 
minus the weight of the dish is the weight of the residue). 


The solubility is calculated from the weight of the saturated 
solution taken and the weight of the residue obtained from it. 


11-5. Solubility curves. The graphical representation of 
the relationship of solubility and temperature for a solid is called 
its solubillty curve. The solubility curves for a few common solids 
are shown in Fig. 3-29. 


Following points are noteworthy in connection with solubility 
curves : 


1. With a few exceptions (e,g., ceric sulphate, Ces(SOx)s, 
and anhydrous sodium sulphate), the solubility of solids increases 
with rise in temperature. The effect of temperature on the solubi- 
lity of some solids, e.g., potassium nitrate, lead nitrate, etc. is 
much more marked than in others The solubility of sodium 
chloride changes only very slightly with a rise in temperature. 
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(2) The shape of the curve shows the rate of change of 
solubility with temperature, A steep curve shows a rapld change; 
a flat curve shows a slow change. 
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Fig. 3-29. Solubility. curves of— Fig. 3-30. Solubility curve of 
(1) Pb(NOs)2, (2) KNOs. (3) NH4CI sodium sulphate. 
(4) NaCl, o CuSO4, (6) KCIOs, 
(7) Ces(SO4)s. 


(3) A sharp break in a solubility curve indicates the forma- 
tion of a compound with a different degree of hydration whose 
solubility is different from that of the original substance. For 
example, the solubility curve of sodium sulphate (Fig. 3-30) has a 
sharp break at 32°5°C at which temperature NagSO,.10H,O loses 
its water of hydration and changes to the anhydrous salt, Na,SO,. 
The curve up to 32'5* represents the effect of rising temperature on 
the solubility of NagSO,.10HO and the curve beyond it represents 
the effect of rising temperature upon the solubility of NagSO,. 


11-6. Rate of Solution, Rate of solution, i.e., the amount 
of solute passing into the solution per unit of time depends upon 
the following factors : 


l. Nature of solute. More soluble substances dissolve more 
rapidly than the less soluble ones. 


2. State of division. The dissolution of a solid is the result 
of the interaction of its particles at the surface with the solvent 
molecules, Hence, the more finely divided the solute (which means 
greater surface area per unit mass), the greater will be its rate of 
solution. 


3, Agitation of mixture. Stirring or shaking the solvent— 
solute mixture increases the contact between the solvent and the 
solute, and thus increases the rate of solution. 


4. Heating. Heating not only increases the solubility of 
most solids, it also results in convection currents which cause 
agitation of the mixture. 
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11-7. Recrystallization, This is the most important method 
employed in industry and in the laboratory for the purification of 
organic and inorganic solids. The crude solid is dissolved in the 
least possible quantity of a hot solvent in which it is very soluble 
at high temperatures but only sparingly soluble at room tempera- 
ture. The solid forms saturated solution while the soluble 
impurities, if any, form only unsaturated solutions, Any insoluble 
impurities are removed by filtering the hot solution. The filtered 
solution is allowed to cool to room temperature when most of the 
solute crystallizes out from the saturated solution. The crystals 
are filtered off and washed carefully with a little cold solvent to 
remove traces of soluble impurities adhering to them. Finally tbe 
crystals are dried or subjected to recrystallization to achieve the 
desired state of purity, 


The soluble impurities do not crystallize out as the solution 
is unsaturated with respect to them; they remain in solution in the 
mother liquor, as the residual cold solution from which the crystals 
have been removed is called. 


11-8. Fractional crystallization. Two substances A and B 
having similarly shaped solubility curves (Fig. 3-31) and present in 
comparable proportions in a mixture can be separated by fractional 
crystallization. A solution of the mixture is prepared and concen- 
trated gradually by boiling or by evaporation. Crystals of the less 
soluble compound A are first 
deposited mixed with: some of B. 

These crystals are removed as the 

first crop or fraction. The mother 

liquor is now concentrated when B 

crystals of A and B in about equal 
proportion are deposited, and these 
are also removed. The mother 
liquor is now further concentrated 
when a third fraction consisting 
mostly of crystals of B mixed with 
some of A is obtained, Each of 
these fractions is now separately 
subjected to the same process using 
fresh solvent. After repeated 
fractional crystallizations pure 
samples of A and B are obtained, 


solubility 


temperature 


Fig. 3-31. Solubility curves 
of A and B. 


The common solvents employed for recrystallization and 
fractional crystallization are water, alcohol or methylated spirit, 
ether, glacial acetic acid, acetone, petrol, and benzene. Sometimes 
a mixture of two solvents is used. 


12. Distribution Law 


Consider a system of two immiscible liquids which are in 
contact but separated by a phase boundary. When a substance 
soluble in both liquids is introduced into this system, it distributes 
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itself between tbe two phases until an equilibrium is established. 
Experiments show that the distribution of the solute occurs in 
such a way that its concentration in the two liquids is constant at 
constant temperature. That is, 


Concentration of solute X in liquid A, Ci _ constant, K 

Concentration of solute X in liquid B, Cs r 
The constant K is called the distribution coefficient or partition 
coefficient of tnat system at that temperature. This behaviour is 
a general one and is known as the distribution law or partition law. 
It may be stated as follows : 

A mathematically constant ratio exists between the concentra- 
tions of a solute in two immiscible liquids in contact wtth each other 
at a constant temperature when equilibrium is established. 


Solvent 1 


Soivent 2f 


Fig. 3-32. Diagrammatic illustration of partition law : 


Ci aol Cra} Ci 


(a) "Ca EN (b) C: 6 2 (o rors 2 


Example. lodine is soluble in both water and benzene. If 
iodine is added to a mixture of water and benzene and the mixture 
is shaken until equilibrium is attained, the 
concentration ef iodine in benzene layer 
is always found to be about 400 times as 
great as that in the water layer at room 
temperature. 

It is important to realize that the 
partition law refers to` the ratio of the 
concentrations of the solute in each phase 
and not to the ratio of the amounts; the - 
ratio of the amounts of solute will vary Fig. 3-33. Distribution 
with the relative volumes of the two °% jodie un Dogrene and 
liquids, i 

The distribution law only holds true when the following 
conditions obtain : 

1. The solute is in the same molecular condition in both 
solvents, i.e., it does not dissociate or associate in either solvent. 


.. 2. No chemical combination occurs between the solute and 
either solvent. 


benzene 


water 
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3. The quantity of solute added is not so great that its 
solubility in either solvent is exceeded. 


4. The temperature and pressure remain constant throughout, 


5. Equilibrium is reached before the concentrations are 
compared. 


12-1. Distribution law and Henry's law. Distribution Jaw 
is of very wide application and holds for the distribution of a 
dissolved substance between any two phases, e.g., gas—liquid, 
liquid—liquid, and liquid—solid, Henry's law for the influence 
of pressure on the solubility of a gas is really a special case of 
distribution law involving the distribution of a gaseous solute 
between free space and the liquid solvent in a constant ratio at 
constant temperature. 


12-2. Ether extraction, The distribution law is often applied 
industrially and in the laboratory to extract organic substances 
from aqueous solutions. The aqueous solution is shaken with an 
organic solvent, usually ether, in which the solute is much more 
soluble, The solute distributes itself between the solvents; the 
greater part of the solute leaving the water and going into the 
ether, The water layer is separated from the ether layer and 
again extracted with a fresh portion of ether. By repeating the 
process several times the concentration of the dissolved solute in 
the water solution can be reduced to a negligibly small value. 
Thus, aniline is usually recovered from a mixture with water by 
using ether, and penicillin is extracted from a dilute aqueous 
solution with chloroform. Since, the solubility of organic com- 
pounds is lower in aqueous solutions of electrolytes than in pure 
water, a suitable salt is often added to the water layer to 
facilitate still further the extraction process. 


In practice, it is more efficient to use a number of small 
portions of the extracting solvent in turn and separating each time, 
rather than use the same total volume in a single extraction. 
Suppose, for example, we have one litre of an aqueous solution 
containing ‘a’ grams of solute X, the volume of ether available for 
extraction is 100 cm5, and X is 20 times as soluble in ether as in 
water. Suppose, whole of the ether is used in one single extraction 
where by w grams of the solute is extracted and (a—w) grams of 
the solute remains in aqueous layer. 


No Concentration of X in ether = 20 
' Concentration of X in water 1 


* given 


Since, concentration is weight per unit volume, 
w/100 20 


(a—w)]i000 1 
or, 10w=20a—20w 
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or, 30w= 20a 
or, w=2/3a 
That is, 66°66 per cent of the solute X is extracted, 


Now suppose, the ether is used in two successive volumes of 
50 cm?. Let the amonnt of the solute extracted in the first extrac- 
tion be w; grams when the amount left in the aqueous layer will be 
(a—w1) grams. In this case 


woas 20. 
(a—w3)/1000 1 
or, 20w;—20a—20w; 
or, 40w;— 20a 
or, w=}ła wll) 


The amount left in aqueous solution is (a—}a)—0 5a. Let 
the amount of the solute extracted in the second extraction using 
50 cm? of ether be w, grams when the amount left in the aqueous 
layer will be (0:5a—ws) grams. Now, 


ws[50 me 
(O'Sa—we)/1000 — 1 
or, 20wg=10a—20We 
or, 40we=10a 
or, w=ła 25.05 - 


.. The total amount of solute extracted ew; --wa 
1 1 3 
yet are gaa 


that is, 75 per cent of the solute is extracted. 


Similarly, it can be shown by means of calculation that if 
ether is used in four successive instalments of 25 cm?, 80'2 per 
cent of the solute will be extracted. Using five successive volumes 
of 20 cm? of ether will permit the extraction of 83:8 per cent of 
the solute, and so on. 


13. Solid-Liquid Systems 


The solid-liquid systems are generally studied in vessels open 
to the atmosphere. So, the pressure variable is fixed at 1 atmos- 
phere, and the degrees of freedom for the systems are reduced by 
one, As such the phase rule equation for such systems may be 
modified as 

F=C—P+1 


The phase diagrams for such systems are drawn with temperature 
and composition (usually expressed as weight percentage) as 
the axes. 
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13-1. Lead-silver system. Silver and lead are completely 
insoluble in one another in the solid state. In the molten state they 
mix in all proportions to give homogeneous solutions without 
forming any compounds. The phases involved in the equilibrium 
are : (1) solid silver, (2) solid lead, and (3) mutual solution of 
silver and lead. The gas phase of either metal is ruled out as the 
boiling points of both metals are very high. Since the composition 
of the various phases can be represented by two chemical 
individuals, viz., silver and lead, the silver-lead system is a two 
component system. 


The phase diagram of the silver-lead system is shown in Fig. 
3-34, Point A is the freezing point of pure lead (327°C). As in- 
creasing quantities of silver are added, the freezing point of lead 
falls along AE, called the freezing point curve of lead. B is the 
freezing point of pure silver (961°C). As increasing quantities of 
lead are added, the freezing point of silver falls along BE, called 
the freezing point curve of silver. 

Along AE solid lead (solid phase) is in equilibrium with the 
solution (liquid phase) of silver in lead. Similarly, along BE solid 
silver is in equilibrium with the solution of lead in silver. So, the 
number of phases along AE and BE each is 2. Applying the 
modified phase rule 

F=C—P+1 
=2-—2+1 
=Í 
Therefore the system is univariant along AE and BE both. A 
change in temperature causes a corresponding change in the com- 
position of the liquid mixture (alloy) in equilibrium with the solid 


961° 


melt (solution) 


melt 4- solid silver 


temperature —> 


eutectic line 303° 


solid lead solid silver 
+ + 


" 
L 
' 
i 
D 
i 
‘ 
1 


eutectic eutectic 


100% Pb 97 4^; Pb 100% Ag 
0% Ag 26% Ag ne 0% Pb 
composition —> 


Fig. 3-34. Lead-silver system (not drawn to scale), 
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metal. Alternatively, a change in the composition of the liquid 
‘mixture must be accompani.J by a corresponding temperature 
change, Thus, if either the temperature variable or the composi- 
'tion variable is fixed, the other variable is immediately fixed, 


The eutectic point. The curves AE and BE mcet at the point 


E. Here, three phases are present in equilibrium, namely, solid 
lead, solid silver, and the liquid lead-silver alloy. Applying the 


modified phase rule equation 


F=C—P+1 
E231 
=0 


Thus, the system at E has no degrees of freedom; it is invariant. 
This means that these three phases can coexist only at one specific 
temperature and one definite liquid (alloy) composition. For the 
lead-silver system, this temperature is 303*C and the composition 
of alloy is 2:6 per cent of silver and 97'4 per cent of lead, The 
point E lies at a temperature which is lower than the melting 
point of either component. It is called the eutectic point. Eutectic 
Point represents the lowest temperature at which a mixture of the 
two components can exist in the liquid state. If the liquid mixture 
is cooled below this temperature, both metals separate simultane- 
ously in the solid state without change of temperature or composi- 
tion. A solid solution of two (or more) substances having rhe 
lowest freezing point of all the possible mixtures of the components 


«is called the eutectic mixture. The temperature and composition of 


the alloy corresponding to the eutectic point are called the 
eutectic temperature and the eutectic composition respectively. 


In the area above the lines AE and BE there exists only one 
phase, the homogeneous liquid solution of lead and silver. The 
System is therefore bivariant (F&-C—P 4-1—2—24-1—2) and has 
two degrees of freedom. Therefore, temperature and composition 
can be varied independently. In order to define any point in this 
area, therefore, it is necessary to specify the temperature as well 
as the composition. 

When all the homogeneous liquid alloy is changed to a solid 
mixture of lead and silver at the eutectic point, the temperature 
begins to fall again. Below the line CED running parallel to the 
Composition axis and passing through the eutectic point, the 
alloys are completely solid and consist of lead+ eutectic or silver 
T eutectic as shown, 

13-2. Desilwerization of lead. The facts contained in the 
diagram of the lead-silver system form the basis of the Pattinson's 
Process for the desilverization of lead. 

In Fig. 3-34. let a represent the molten argentiferous lead 
Containing a very small amount of silver (usually less than 0:1. per 
Cent). On cooling the temperature falls along ab and the melt 
begins to deposit crystals of pure lead at b corresponding to the 
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temperature T. At this temperature solid lead and liquid mixture 
of composition a are in equilibrium, On further cooling the system 
shifts along DE, and more lead separates as solid (it is removed 
from the melt by perforated Jadels), Thus the melt becomes pro- 
gressively poorer in lead and correspondingly richer in sil ver. 
This continues until the point E is reached. Now the melt has the 
composition of the eutectic mixture (2°6 per cent of silver) and 
it all solidifies at the eutectic temperature" The lead-silver 
eutectic is subjected to cupellation to remove lead as lead oxide 
and recover silver. 


13-3. Freezing point curves. Equilibrium diagrams of the 
type shown in Fig. 3-34 for the lead-silver system are drawn with: 
the help of a series of freezing point curves of the pure components 
and their mixtures. To obtain these curves, two pure metals, say 
A and B, and their mixtures of various compositions are melted by 
turn and allowed to cool slowly. In each case, temperature is 
measured at definite time intervals. The observed data are recorded) 
as cooling curves by plotting the time along the abcissa and the 
temperature along the ordinate axis, The temperature at which 
the solid begins to separate from each melt is determined by 
the position of the change in the gradient of each curve. Typical - 
cooling curves are shown in Fig. 3-35. T 

Curve 1 in Fig. 3-35 is the cooling curve of pure molten metal .- 
A. At first the temperature falls uniformly along ab. At point b the 
solid phase beings to form, and the curve shows a break. Since - 
solidification is accompanied hy the liberation of the latent heat of © 
fusion of the metal, the temperature remains constant until the .— 
entire mass of the molten metal has solidified at c. The tempera- 1 
ture now again decreases uniformly along cd, Thus, the portion 
ab represents the cooling of.the molten metal A, the horizontal 
portion bc represents the freezing of the melt, and the portion cd 1 

represents the cooling of the solidified metal. The freezing point | 
of the pure metal is the temperature of the horizontal portion be — 
of the curve. Curve 7, the cooling curve of pure molten metal B, © 
is similar to curve 1. ' 


The addition of pure metai B to the pure metal A in increas- - 
ing amounts ‘results in à progressive lowering of the freezing point - 
of A as indicated by the points bi in curve 2 and b” in curve 3. AS. 
the metal separates, the composition of the alloy remaining in the 
liquid state changes and its ‘solidification temperature keeps op 
falling, until the crystallization is completed. When the alloy. 
reaches the eutectic composition, the temperature ceases to drop as ` 
the eutectic separates at à constant temperature. When the eutectic 
has completely solidified, the temperature again begins to fall. 
When moiten alloy of eutectic composition (60% A+40% B) is 
cooled, no sclid appears until the eutectic temperature, T. is 


*A mixture richer in silver than the eutectic mixture will deposit pul € 
silver on cooling until the eutectic composition is reached when it will all 
solidify 
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reached, when the whole mixture freezes sharply depositing both 
metals simultaneously (curve 4). 


In a similar manner, the addition of increasing amounts of 
A to the pure metal B causes the freezing point of B to decrease 
progressively (curves 6 and 5), The cooling curves for all the 
mixtures of the metals A and B exhibit a common arrest at the 
eutectic temperature. 


100 95 80 6040 20 0 %A 


a 5 20 4060 80100 "B 


temperature 
temperature CO 


a 


20 "40 6 
composition (% of B) 


time 


Tig. 3-35. Cooling curves for pure Fig. 3-36. Equüibrium diagram 
metals A and B and a series of their — (temperature-composition diagram) 
alloys; the metals are completely so- for two metals A and B corres 
luble in one another in the liquid ponding to the cooling curves 
state and completely insoluble in one showing in Fig. 3-35. 

another in the solid state. 


Fig. 3-36 shows schematically how an equilibrium diagram 
ofa system of two metals A and B can be constructed from the 
cooling curves in Fig. 3-35 by plotting the freezing points against 
composition. The curve AE represents the progressive lowering of 
the freezing point of pure À by the addition of pure B. The curve 
BE represents the progressive lowering of the freezing point of 
pure B by the addition of pure A, The two curves intersect at the 
point E which represents the composition of the eutectic alloy. 


13-4. Salt-water system. Many inorganic salts (e.g., sodium 
chloride, sodium nitrate, potassium iodide, etc.) form eutectic 
mixtures with water, Since the melting points of salts are much 
higher than the boiling point of water, it is not possible to represent 
the melting points of both components. 


A typical salt—water equilibrium diagram is shown in Fig. 
3-37. A is the freezing point of water — O*C at 1 atmospheric 
pressure. On adding salt, the number of components becomes two. 
Since pressure is constant at the atmospheric value, the vapour pres- 
sure of water can be neglected in comparison, and the vapour phase 
can be ignored; The system, therefore, has two phases: ice ‘and 


\ 
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solution of the salt in water (the salt dissolves in the water in 
contact with ice). Hence, the degrees of freedom 


F=C—P+1 
=2-2+1=1 


Thus, for any definite temperature there will be one definite com- 
position of the solution. If tbe composition of the solution is 
changed, there will be a corresponding change in temperature, 
With the progressive addition of the salt, the composition of the 
solution continually changes and the freezing point of the solution 
keeps falling along AC. This continues until the concentration of 
solution reaches a certain definite value at C, when the entire 
solution freezes into a solid mass. Curve AC, represents the 
freezing points of progressively stronger solutions of the salt in 
water. At C, the system has three phases in equilibrium : solid 
salt, ice, and solution. The point C, therefore, is invariant (F=2— 
3--1-0) at a constant pressure. This is the eutectic point of the 
system. This is the lowest temperature at which the salt can exist in 
solution. Or, it is the lowest of all the possible freezing points 
of solutions of the given salt. In systems involving a salt and water 
it is often called the cryohydric point and the mixture of that 
particular composition as a cryohydrate.* 

Curve CB represents the effect of. temperature on the ‘solid 
salt—saturated solution’ system. It cannot be carried to the 100%. 


pressure constant 


solution 


© temperature 


0 100 


composition (9; of salt) 
Fig. 3-37. Equilibrium diagram of a salt-water system, 
*The mixture of solid salt, ice, and solution e: at the eutectic 
i 


(cryohydric) point was at one time considered to be a te hydrate of the 


sait to which the name cryohydrate was given. 
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Salt axis as it comes to an end at the boiling point of the saturated 
Solution. 


It may be noted that solutions of salt of varying compositions 
are in equilibrium with a solid phase along AC and CB both— 
with ice along AC and with solid salt along CB. Thus, the system 
is univariant along both the curves, In the area above these curves 
only the solution phase exists and the system is bivariant, 


Effect of cooling salt solutions. When a dilute solution of the 


‘salt, ie., less concentrated than eutectic composition, represented 


by a is cooled, the temperature falls along ab without any change 
in composition as the system is bivariant. On reaching 5, pure ice 
erystallizes out, and the System becomes univariant Since the con- 
centration of solution increases as the salt crystallizes out, the 
temperature does not remain constant but keeps falling along bC. 
The crystallization of ice and the lowering of the freezing point 
continue until the concentration of the solution reaches a certain 

finite value for each given solute, represented by the eutectic 
Point C. Now, the entire solution freezes into a solid eutectic 
mixture consisting of thin layers of ice and solute in the solid form. 
The temperature at this point, T*, is the lowest temperature that 
€an be attained in this System, It is called the eutectic temperare 
of the system, 


If a solution of composition a’, containing a higher concentra- 
tion of salt than the eutectic is cooled, the solid salt begins to 
erystallize at b’. As the salt keeps falling out, the concentration of 
the solution progressively decreases, and the system moves down 
along BC. At C, the eutectic point, the entire solution freezes 
to give the eutectic mixture or the cryohydrate, 


Thus, all solutions—more dilute or concentrated than eutectic 
Composition—ultimately show on arrest at the eutectic point. In 
dilute solutions this point is reached with the ice separating out first 
and in concentrated solutions with the solid salt separating out first, 
If a solution of the eutectic composition represented by c (vertically 
above the eutectic point C) is cooled, the temperature falls along 
eC without any change in composition. When the eutectic point 

is reached, both ice and solid salt separate out simultaneously. 


Freezing mixtures, When a salt is added to melting ice, some 
of the salt dissolves in the water. This gives rise to system contain- 
ing three phases—solid salt, ice, and salt solution, Such a system, 

er, can exist in stable equilibrium only at the eutectic point 
wh is, in most cases, considerably lower than the normal 
melting point of ice. So, the ice melts and the salt dissolves in the 
water produced, Both of these processes absorb heat and continue 
until the temperature falis (along AC in Fig, 3-37) to the eutectic 

‘ature, or until one of the solids is all used up. The lowest 
temperature that can be attained in a salt-ice mixture depends 
Upon the eutectic temperature of the system. The same minimum 
temperature can also be attained by adding ice to a saturated 
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solution of salt, when the temperature well fall along BC in 
Fig. 3-37. 


The eutectic temperatures for a few salt-ice mixtures are : 


(1) NaCl +ice..,.......—22°C (2) CaCle+ice........ —56°C 
(3) NH,Cl+ice........—16°C (4) NaNOs-+ice......—18°C 
(5) NHiNOs+ice......—18°C (6) Ki+ice... sse. — 23°C 


14. Curomatography 


Chromatography is a general term for any technique of 
separating compounds based on the differences 1n their distribution 
between two immiscible pha- 
ses, one of which is the 
stationary phase with a well 
developed surface area, and 
the other is the mobile phase, 
e.g., a liquid stream flowing 
through the stationary phase. 
A chromatographic method 
is called ‘adsorption chro- 
matography if the stationary 
phase is a soild and partition 
chromatography if the 
stationary phase is a liquid. 


solution 
powdered aluminium oxide 


band of substance most 
strongly adsorbed 


band of substance less 
strongly adsorbed 


Common chromatogra- 
phic methods include column 
chromatography, thin layer 
chromatography, paper chro- 
matography, and gas chro- 
matography. 


14-1. Column chro- 
matography. This technique 
is based on the difference in 
adsorption of various com- 
ponents on a solid. it con- 
sists in allowing a solution 
of a mixture in a suitable Fig. 3-38. Column chromatography. 
solvent to flow down a i d 
column packed with a highly adsorbing material, e.g. alumina an 
passing pure solvent through the column after the solution has 

een charged. The more strongly adsorbed components of uie 
mixture tend to be retained near the top of the column whilé othe 
move down to various distances, depending on the extent to xe 
they are absorbed and how much pure solvent is run afterwar tto 
If the mixture consists of coloured substances, the packing of T i 
column is separated into as many coloured zones (after comple 
separation) as the number of components. 


band of substance feast 
strongly adsorbed 
mat of cotton of 

thick filter paper 
perforated disc 


filtrate, a solution of 
substance not adsorbed 
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14-2. Thin layer chromatography. This technique differs from 
column chromatography in that the long vertical column of 
adsorbent material is replaced by a flat glass plate coated with a 
thin layer of the adsorbent. The solvent (mobile phase) moves up 
the adsorbent layer by capillary action whereby the components of 
the mixture are separated, 


. 14-3. Paper chromatography. In paper chromatography strips 
of special filter paper with a high moisture content are used in 
place of a column. A spot of test solution is applied near one end 
of the paper strip and allowed to dry up. The strip is then suspen- 
ded vertically in a tightly closed container with the spotted end 
immersed just up to the spot in a shallow layer of mixed water 
and organic solvents. The solvent from the shallow layer rises 
through the paper by capillary action carrying along the various 
component of the sample. Different components are distributed to 
differing extents between the stationary paper-bound water and 
mobile organic phases, and soon located at differen: positions 
along the paper. These are detected as coloured spots by spraying 
the paper strip with reagents which produce colour reactions 
with them. These reagents are called ‘visualizing reagents’. For 
example, the visualizing reagent in the paper chromatographic 
separation of As (III) and Sb (III) ions is ammonium sulphide, 
(NH;):S, solution, This reagent detects arsenic as a yellow spot 
and antimony as an orange spot (by the formation of the corres- 
ponding sulphides), 


14-4 Gas chromatography, The apparatus used in gas chro- 
matography consists of a long narrow tube packed with an inert 
support material of uniform particle size, e.g., diatomaceous 
earth.* The support material is coated with a thin film of a non- 
volatile liquid which constitutes the stationary phase. The whole 
tube and its contents are maintained at a constant temperature in 
a thermostatically controlled oven. The sample to be analyzed is 
carried through the tube by an inert gas (mobile phase) such as 
argon, The progress of various components of the mixture through 
the tube is selectively affected by the stationary phase. As a 
result, some components pass through the tube more rapidly than 
others. 


14-5. Usefulness of chromatography, Various chromatogra- 
phic techniques have proved to.be highly successful in separating 
mixtures of related chemical compounds into their components 
without drastic chemical or physical treatment, Chromatographic 
techniques are used to separate ionic and molecular species, polar 
and non-polar molecules, and geometrical and optical isomers. Gas 
chromatography provides a very sensitive method of analysing the 
components of a complex mixture of volatile compounds, In 

“Diatomaceous earth, also tallied kisseiguhr, is a mass of hydrated 
silica (SiOs) formed from skeletons of minute unicellular plants called diatoms. 
It is a very porous aad adsorbent material. 
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chemical industry, chromatographic techniques are employed to 
make purest preparations of various vitamins, hormones, penicillin 
and other antibiotics, etc. 


Questions 
1. Define the terms : system, phase, component, and degree of freedom 
pertaining to phase equilibria. 
.. . 2. Give the number of phases and components in the following systems, 
giving reasons for the number of componenis : 
(i) Ice—water—steam. 


(ii) Rhomi: sulphur—monoclinic sulphur—liquid, sulphur—sulphur 
vapour. 
(iii) Ammonium chloride—ammonia—hydrogen chloride. 
(iv) Calcium carbonate—calcium oxide—calcium oxide. 
3. (a) Explain with a suitable example the meaning of the term ‘degree 
of freedom’. 
(b) Statephase rule. 


(c) With the help of phase rule calculate the number of degrees of 
freedom of systems in question 2. 


.. 4. (a) What is evaporation ? Explain the fact that the vapour and the 
liquid from which the vapour is formed are both at the same temperature 
although the molecules escaping as vapour possessed higher kinetic energies. 

(b) What is meant by the term ‘vapour pressure of a liquid’? Show by 
means of suitable curves the variation of vapour pressure with temperature for 
two liquids. Apply phase rule to show that a liquid-vapour system in equili« 
brium is univariant. 

5. Define the term ‘boiling point. How is it related to the external 
pressure against the liquid ? What are the main factors on which tbe boiling 
point of a liquid depends ? 


6. Explain the reason: 


(1) The vapour pressure of a liquid increases as the temperature in- 
creases. 


(2) At any temperature, the vapour pressure of water is Jower than that ' 
of ethyl alcoho! and of ethyl alcohol lower than that of dietbyl cther. 


7. Discuss the application of phase rule to the equilibrium, between the 
different phases of water, 


8. The figure in the margin shows 
the phase diagram of water. 


(i) What processes are repre- ^ 
sented by the curves OA, OB, ff 
and OC? Fi 


(li) What will happen if the tem- 
erature is maintained at a 
constant value above the 
triple point and the pressure 
is progressively reduced ? 

(iii) What is the temperature 
Cre ponding to the point B 
c 


pressura —^ 


(iv) What is indicated by the in- 
cline cf the line OC to tbe 
left? 1s it so in the phase 
diagrams of all substances ? 


temperature —3 
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(») Is it possible to extend the curve OA beyond A? Give reason for 
your answer. 


9. Draw a phase diagram of water. Locate the various equilibria on the 
diagram and calculate the degree of frecdom for each equilibrium. 


40, What is meant by (a) monotropy, (b) enantiotropy ? Explain the 
characteristic features of each by reference to the allotropy of sulpbur and 
phosphorus. t 


11. State phase rule. Draw amd discuss the phase diagram of either the 
sulphur system or the pbosphorus system. 


12, (i) Name the various 
phases in the sulphur system. 


(ii) In the phase diagram of 
sulpbur given in the margin, name 
the various triple points and the 
phase equlibrium obtaining at each 
one. 


(ii) How do you know from 
the phase diagram of sulphur that all 
the four phases of sulphur cannot 
be in equilibrium with each other 
simultaneously ? 


13. What variables must be 
fixed for completely defining the 
system resulting from Pisas dis- 
persion of gases in liquids ? 


m in wii. EE Lem. Would 
is law hold closely for the solubility 
of the very soluble hydrogen chloride temperature —> 
in water? Of the slightly soluble 

nitrogen in water ? 


15. How could you increase the solubility of carbon dioxide in water ? 
How decrease it? What causes aerated drinks to effervesce when the cap is 
perds Why should the effervescence be less when the aerated drink 
is coi 


16. How may gases be expelled from their liquid solvents ? 
17. Explain the Henry's Law in terms of Le Chatelier's principle. 
18. (a) What is the energy change when a gas dissolves in a liquid ? 
(b) When a glass of cold water is left to stand in a warm room, gas 
bubbles are observed to form. Explain. 


(c) When a solution of ammonia in water is boiled for some time in air, 
the dissolved gas is completely expelled and pure water is left behind. Does 
this mean that the solubility of ammonia in water at the boiling point of water 
is nil ? Give reasons for your answer, 


19. What is meant by ‘miscible liquids’ and ‘immiscible liquids’? Give 
examples. 


20, What are ‘ideal solutious' and ‘non-ideal solutions’ with reference to 
solutions of liquids in liquids ? 


21. What is meant by fractional distillation ? What condition must obtain 
to make fractional distillation possible? 


108 LS.C. CHEMISTRY VOL. I 


22. In which type of liquid-liquid solutions can the components be 
peer gs separated by fractional distillation ? Give one example of such a 
solution. 


_ 23. Why is it not possible to obtain 100 per cent sulphuric acid by the 

fractional distillation of dilute sulphuric acid ? : 

.24. Why is it not possible to obtain 100 per cent ethyl alcohol by the — 
fractional distillation of aqueous ethyl alcohol ? i 

25. Give four examples of partially miscible liquid pairs. What is meant. 

by the ‘critical solution temperature’ ? 


26. Give one example each of pairs of partially miscible liquids in which i 
the mutual solubility— 


(a) increases on lowering the temperature, 
(b) decreases on lowering the temperature, 


(e) increases both on raising and lowering the temperature beyond 

certain definite points. i 

27. When a liquid mixture of two immiscible liquids is heated, it boils al 

a temperature lower than the boiling point of either pure liquid, Explain th 
phenomenon. 


28. (a) Describe the process of steam distillation. (b) Which factor! 
affect the compostiion, by weight, of the distillate ? (c) For what kinds of 
substances is steam distillation specially valuable ? (d) A mixture of water and | 
bromobenzene (C,H; Br) boils at 95.3°C. At this temperature, the vapo 
Pressure of water is 641°C. If the weight of water distilled over be 25 g, whal 
weight of bromobenzene will have distilled ? [Ans. 40.5 g.] 3 


29. Explain the process of an ionic solid, e.g., sodium chloride, dissolving” 
in water. 


30. Define the terms: saturated solution, unsaturated solution, supel 
saturatcd solution, 


31. If a clear solution of sodium thiósulphate (NaaS303) were given y 
to test, How could you find whether it was unsaturated, saturated, or supe 
saturate: 


32. How can you show that the opposite processes of dissolution an 
crystallization occur side by side in a saturated solutiod in contact with t 
solid solute ? 


33. Define solubility. What is the usual effect of temperature changes on 
the solubility of solids in liquids ? 
5°C. What woul 


34. A solution of potassium nitrate is saturated at 6 
you observe and what is the explanation in each of the following cases ? (a) Ae 
crystal of potassium nitrate is dropped into the solution at 65°C. (b) The 
soiutiot is heated to 75°C, and a crystal of potassium nitrate is added. (c) The 
solution is cooled to 50°C, 3 


35. Heat is observed when a certain solid is dissolved in water. How wil 
an increase in temperature affect the solubility of the solid ? 


36. What are the factors which affect the rate of solution of a solid ia 
liquid ? 


37. (a) If you were in a hurry to dissolve some sodium chioride, woul 


you use cold water or hot ? Use the salt in a lump or asa powder ? 
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(b) Sali solutions are heavier than water. To dissolve commercial 
quantity of a salt without the expense of heating or stirring, would it be better 
to place the solid on a perforated shelf near the top or atthe bottom of 
the vat ? 

39. What are solubility curves ? What is indicated by a sharp break in a 
solubility curve ? 


40 In the following statements, correct those which are wrong : 
(a) “A saturated solution is one in which no more solute can dissolve". 


(b) "The volume of a gas which dissolves in a given volume of liquid 
at constant temperature is directly proportional to the pressure of the gas." 


41. Explain the process of fractional crystallization. 


41. Draw a fully labelled diagram for the lead-silver system. What is 
meant by the eutectic point ? With the help of the equilibrium diagram of the 
lead-silver system explain the process for the desilverization of lead. 


42. Draw the cooling curves you would get on cooling to solidification 
completely liquid systems of composition (1) one pure compond, A (2) the 
eutectic composition of A and B, and (3) a composition between (1) and (2). 
Explain each curve. Draw an equilibrium diagram for the system A—B corres- 
ponding to these cooling curves. 


43. Study tbe equilibrium diagram 
of the system A-B given in the margin. 


(a) Which metal will first separate 
on cooling a molten alloy centaining 50 
per cent A and 50 per cent B? 


(b) How many grams of tbis 
metal will separate out of 100g of the 
alloy before the eutectic is reached ? 

[Ans. (a) B, (b) 16.67 gl 
44. (a) Draw a phase diagram for 
the water-salt system. Label it fully to 
bring out the main points of information 
about the various equlibria. 
E (b) What will be the effect of cool- 
ing Asie eoic Hen which is OR cona 0 20 40 60 80 100 
trated, (2) more concentrated than the m 
eutectic composition ? composition (95 of B) 
(c) Explain briefly the theory of freezing mixtures. 


45. (a) State the distribution law. Under what conditions does tbis law 
hold good ? 


(b) Explain why in the process of extraction, the extracting solvent 
should be used in small lots rather than using the whole liquid in one lot. 


46. (a) What is chromatography ? 
(b) What is the main difference between adsorption chromatography 
and partition chromatography ? 


47. (a) Name the common methods of chromatography. 


(b) Describe column chromatograhpy with the help of a suitable 
diagram. 


(c) Describe the usefulness of chromatographic methods. 


temperature: 


Key 


2. (D 3 phases, 1 component (ii) 4 phases, 1 component (iii) 2 phases, 
1 component (iv) 2 phases, 2 components 
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6. (2) This is because the intermolecular attractive forces are smallest 
for ether and greatest for water. 

8. (iv) The slight incline of the line OC to the left shows that the 
melting point of water is lowered by raising the pressure. This is not so in 
the phase diagrams of most substances since, usually, the melting point 
increases as the pressure is increased. 

(v) NO, the curve OA cannot be extended beyond A because at higher 
temperatures the liquid and vapour are indistinguishable. 

9. See Table 3-1, page 71. 

11. (iii) Because there is no point where any four curves meet together. 


13. Two variables : temperature and pressure. 


H 15. The solubility of carbon dioxide in water can be increased by (i) 
increasing the pressure, and (ii) lowering the temperature. The solubility can be 
decreased by (i) decreasing the pressure, and (ii) increasing the temperature. 
The effervescence in aerated drinks upon uncapping the bottle results from a 
decrease in pressure to 1 atm, The effervescence is less when the aerated drink 
is cold as the solubility of the dissolved carbon dioxide is more at lower 
temperature. 
18. (a) Heat is evolved. 

(b) As the water warms to room temperature, the dissolved air escapes 
as bubbles. 

(c) The inference that the solubility of ammonia in water at 100° is nil is 
wrong since the gas is not in equilibrium with the solution when the solution is 
boiled in open air. 

28. (d) The vapour pressure of {bromobenzene at 95°3°C=760 mm— 
641 mm 119 mm. (because, the sum of the vapour pressures of water and 
bromobenzene must be equal to the atmospheric pressure, 760 mm). 


The molecular weight of bromobenzeue, CeHsBr, is6x12-5x1-80 
7157, and of water, H10, — 18. 


Substituting these values in the relation 
wt. of bromobenzene _ vap. pressure of bromobenzene 
wt. of water T4 vap. pressure of water 


mol. wt. of bromobenzene 
mol. wt. of water 


wt. of bromobenzene — 119 mm i 157 
25g 7641 mm * 18. 


Er me 119mm | 157 __,,. 
.',. weight of bromobenzene —25 g x Mw I8. z40'5 g. 


31. By placing a small crystal of sodium thiosulphate in the solution. If 
it dissolves, the solution is unsaturated; if it does not dissolve, the solution is 
saturated; if the crystallization sets in instantaneously, the solution is super- 
saturated. 

32. (a) The crystal will remain undissolved. 

(b) The crystal will dissolve. 

(c) Some potassium nitrate will separate from the solution as crystals. 

35. The solubility of the solid will descrease on increasing the 
temperature. 

37. (a) Hot water; as a powder. 

(b) It will be better to place the solid on a perforated shelf near the top. 
The salt from the immersed surface will dissolve in the surrounding water aod 


the denser solution thus formed will sink to the bottom allowing fresh water to 
dissolve out more of the salt. If the solid is placed at the bottom of the vat, it 
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will soon be surrounded by its saturated solution in water, and no further 
dissolution of tbe solid will occur. 

38. A solubility curve is a graphical representation of the relationship of 
solubility and temperature for a given solid. A sharp break in the solubility 
curve indicates the formation of a hydrate of the solute of a different 
composition. 

39. Both statements are wrong. The corrected statements are : 

(a) A saturated solution is one in which no more solute can disslove at a 
specified temperature. 

(b) The volume of a gas which dissloves in a volume of liquid at 
constant temperature is independent of pressure. 

Or, 

The. weight of a gas which dissolves in a given volume of liquid at 

constant temperature is directly proportional to the pressure of the gas. 


43. (a) The temperature at which the alloy begins to solidify lies on the 
cooling curve of B corresponding to 50% B. Therefore, on cooling th olten ` 
alloy B will first crystallize out and will continue to separate until eutectic 
composition is reached. 

(b) 100g of the alloy contains 50g of A and 50g of B. The eutectic 
A-B contains 60 per cent B. Therefore all of B, i.e,, 50g of B, must remain in 
the eutectic. Since the eutectic contains 60 parts of B for 40 parts of A, the 


amount of A corresponding to 50g of B in the eutcetic is 2 x 50g=33°33g. 


Therefore, the amount of B that will separate out before the eutectic forms is 
50g—33'33g=16'67g. 


Colloidal Solutions 


Graham (1861) classified substances as crystalloids and colloid s 
depending on whether their particles in solution could diffuse 
HEP We vegetable or animal membranes. The former group 
in ed crystalline solids such as common salt, sugar, and urea; 
tbe latter group included substances which usually exist in amor- 
phous or gelatinous condition, such as starch, gelatine, and 
glue. The word 'colloid' is derived from two Greek words Kolla 
(glue) and eidos (like), and suggests ‘like glue’. It is now 
known, however, that a colloid is not a particular class of subs- 
tances but a substance in a certain state of sub-division. Any 
substance may be obtained in a colloidal condition if suitable 
means. are employed, although some substances assume it more 
readily than others. Hence, itis more precise to use the term 
‘colloid’ in reference to a state of matter rather than à kind of 
matter. In fact, the same substance can behave like a colloid in 
some solvents and like a crystalloid in others. For example, 
ordinary soap dissolved in water does not penetrate a mem- 
brane, showingitto be a colloid; the same soap in alcohol 
solution possesses the properties of a crystalloid. 

Many naturally occurring substances such as milk, blood,rubber, 
clouds, fogs, mist, coloured gems, etc., are colloidal in nature. 
This is what makes the study o! colloidal state a branch of 
Chemistry of much practical significance. 


1. True Solutions, Colloidal Solutions, and Suspensions 


Any system made up of a substance distributed or scattered 
as minute particles* through another substance iscalled a dispersion 
system; the distributed substance is known as the dispersed phase 
(or, the internal phase) and the continuous medium around it as 
the despersion medium (or, the external phase). Depending on the 
degree of dispersion, the dispersion systems are classed as true 
solutions, colloidal solutions, and suspensions. In most commoa 
systems, the dispersed phase is a solid and the dispersion medium 
a liquid. 

A true solution is a system with a very high degree of disper- 
sion in which the distributed substance exists as molecules or ions. 
As such there is no dispersed phase in a true solution, and the 
entire system is one single phase. 


*The particles of the dispersed substance may be very fine particles ofa 
solid. minute droplets of a liquid, or extremely tiny bubbles of a gas. 
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A colloidal solution is a system in which the size of the dis- 
persed particles is much larger than in true solutions but still too 
small to be observed by means of an ordinary microscope or 
detained by an ordinary filter paper. A colloidal solution, there- 
fore, appears homogeneous and usually as clear as a true solution 
and, like it, filters unchanged through a filter paper, However, 
unlike a true solution, colloidal solution is characterized by the 
presence of two distinct phases. 


A suspension consists of particles of a solid, large enough to 
be visible under a microscope or even to the naked eye, suspended 
ina iiquid medium, Like a colloidal solution, a suspension, too, 
has two distinct phases but, unlike it, it is not a stable system and 
can exist for a limited time only, until the suspended particles 
settle out, The particles of the dispersed phase in a colloidal solu- 
tion do not tend to settle out and can remain indefinitely suspended 
in the dispersion medium. A colloidal solution of gold prepared 
by Faraday over a century ago continues to be in excellent condi- 
tion even today. 

1-1. The range of colloidal size. The particles of a colloid 
are midway in size between the solute particles of molecular or 
ionic dimensions in true solutions and the particles in suspensions 
even the smallest of which are visible under microscope. In most 
ordinary solutions the particles of solute are less than 10-?cm in 
diameter, but in a colloidal solution, the particles range from about 
10-7 cm to about 2x 10-5 cm across, They are too small, therefore, 
to be,seen under an ordinary microscope or to be separated by 
filtration. Colloidal particles are usually aggregates of hundreds 
or even thosuands of molecules. However, some colloids,’ e.g., 
proteins and viruses* consists of single well defined molecules, 
When the particle size is more than 2x 1075 cm the resulting 
system is a suspension. 


true solution colloidal solution suspension 


Fig. 4-1, Particle size ranges in true solutions, colloidal 
solutions, and suspensions. 

1-2 Comparison of the characteristic properties of true 
solutions, colloidal solutions, and suspensions, It must be appre- 
ciated that no sharp boundary can be drawn between colloidal 
solutions and true solutions on one hand, and the colloidal 
solutions and suspensions on the other. A comparison of the 


*Viruses. known to be large protein molecules, may have giant molecules 
with molecular weights ranging from several hundred thousand up tc millions. 
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characteristic 
systems is made in Table 


Table 4-1 


properties 


of these 


4-1, 
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three classes of dispersion 


Characteristic properties of true solutions, 


colloidal solutions, and suspensions 


Property True solution Colloidal solution Suspension 
1. Particle size Lessthan 10-7 cm 1077 cmto2x10°5 More than 2x 
(diameter) cm 1075 cm 
2. Appearance Clear and bomo- Generally clear and Opaque and 
geneous homogeneous heterogencous 
3. Nature Homogeneous. sta- Heterogeneous, Heterogeneous, 
ble, one phase sys- stable, two-phase metastable, two- 
tem system phase system 
4. Separationby Not possible Not possible Possible 
filtration 
5. Visibility of Not visible even Visible under Visible to naked 
particles under ultramicros- ultramicroscope eye or under 
cope microscope 
6. Tendency of Totally absent Insignificant Strong; varies 
particles to with actual size 
settle out of particles 
7. Brownian Not observable Occurs May occur 
movement 
1-3, Types of colloidal systems. A colloidal system is 


a two-phase system, 
one of the three physical 


However, 


gases consist of molecules and molecu 
proportions with molecules, 
= phase. The eight possible t 


and each one of the two phases can be in any 


states of matter —gas, liquid, and solid. 
Thus, in all there could be nine possible types of dispersions. 


a cclloidal system of gas-in- 
les of one gas mix 


of another gas producing a single 
ypes of colloidal systems are listed in 


gas cannot form since all 
in all 


Table 4-2. 
Table 4-2 Types of colloidal systems 
Type Common name Examples 


1. Gas dispeised in liquid 


2. Gas dispersed in solid 

3. Liquid dispersed in gas 

4. Liquid dispersed in liquid 
5. Liquid dispersed in solid M 
6. Solid dispersed in gas 

7. Solid dispersed in liquid 


8. Solid dispersed in solid 


Foam 


Liquid aerosol 
Emulsion 

Gel 

Solid aerosol 
SOL 


Solid sol 


Whipped cream, beatcn egg 
white 

Pumice stone, floating soaps 
Clouds, fogs, mists, sprays 
Milk, butter 

Jellies, pear! (H20 inCaCOs) 
Smoke, dust 

Starch suspension, 
paints 

Coloured gems, some alloys 


inks, 


The most importan 


solid is dispersed in a 


solutions or $0 


hydrosols and those in alco! 


Is. Colloidal solutions 
hol as alcosols. 


t colloidal systems are those in which a 
liquid. Such systems are called colloidal 


in water are known as 
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2. Lyophilic and Lyophobic Colloids 


Colloids are classified as /yophilic (*liquid-loving") and 
lyophobici*'liquid-hating") according as their relative attraction 
for the dispersion medium is strong or weak, In particular, when 
the dispersion medium is water, the colloids may be hydrophilic 
("water-loviog") or hydrophobic ("water-hating"). Hydrophilic 
colloids include starch, glue, gums, proteins, and generally high- 
molecular weight compounds; hydrophobic colloids are, for the 
most part, clements or compounds of an imorganic character, e.g., 
metals, metal sulphides, sulphur, etc. 


On evaporation hydrophilic sols form jelly-like solids which 
again disperse to form the sol upon addition of water. Hence, 
hydrophilic sols are often termed ‘reversible sols’. The reason of 
this behaviour is that the hydrophilic colloids have a strong attrac- 
tion for water and tend to become extensively hydrated. In this 
Process water gets trapped in such a way that the viscosity of the 
system increases. That is, the sols of lyophilic colloids are much 
more viscous than the pure solvent. 


When water is removed from a hydrophobic sol, the solid 
material left behind is not reconverted into the so) by the simple" 
addition of water. The hydrophobic sols are, therefore, often 
termed ‘irreversible sols’. The viscosity of the sols of hydrophobic 
colloids is the same as that of water for two obvious reasons. First, 
water can disperse only a small amount of a hydrophobic colloid 
and, hence,.its concentration in the sol is low. Secondly, the 
hydrophobic colloids have negligible attraction for water, 


Hydrophilic and hydrophobic colloids differ in several other 
Ferpectt A comparison of their properties will be made Jater in 
ection 6. 


3. Preparation of Colloidal Solutions 


3-1. Preparation of hydrophilic sols. Some substances, 
such as starch, gelatine, gums, proteins, etc., form colloidal solu- 
tions when warmed with or left in contact with water for a suffi- 
cient length of time The particles are already of colloidal size and 
they spontaneously disperse in the water forming colloidal 
solutions. 


3-2. Preparation of hydrophobic sols. The preparation of 
hydrophobic sols corsists of bringing the solid to be dispersed in 
water in the form of particles of colloidal size. The methods avail- 
able are of two main types : (a) condensation, and (b) disintegration 
or dispersion. 


A. Condensation methods. In condensation methods particles 
of colloidal size are produced by growth from smaller units, such 
as molecules or ions. These methods usually empley chemical 
reactions such as decomposition, oxidation, reduction, double 
decomposition, and hydrolysis taking place in aqueous solutions, 
and in some cases, exchange of solvent. 
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1. Decomposition. This method is exemplified by the 
formation of sulphur sols when a few drops of an acid are added 
to a dilute solution of sodium thiosulphate. The insoluble free 
sulphur produced by the decomposition of sodium thiosulphate 
accumulates into small clusters. These small clusters of sulphur 
impart various colours— blue, yellow and even red to the system, 
depending on their growth within the colloidal size range. 

S,0% + 2H* —> S} + HO + SO:st 
thiosulphate acid sulphur 

2. Oxidation. Sulphur sols are also made by the oxidation of 
hydrogen sulphide in aqueous solutions by means of hydrogen 
peroxide, sulphur dioxide, nitric acid, etc. 

HsS+H,O, — 2H:0+S |, 
2H48 -- SO, > 2H,0 4-38 | 
H,S+[0] > H,O+S} 

3. Reduction. Metal sols are best made by reducing solutions 
of their salts by suitable reducing agents. For example, a gold sol 
is easily produced by reducing the gold (III) ion (in chlorauric 
acid, HAuCl,) by such reducing agents as formaldehyde, iron (II) 
sulphate, or tin (II) chloride [Au9* 4- 3e7—Au^? | ]. 

2Aus+ + 3Sn** —— 2Au* | + 3Sn** 
gold (III) ion tin (II) ion free gold tin (1V) ion 
In such reactions gold is set free first in the form of individual 
atomi which combine into larger aggregates immediately after- 
wards, 


4. Double decomposition. Sols of metal sulphides and other 
insoluble salts (e.g., AgBr) are usually prepared by double decom- 
position, Thus, a colloidal solution of arsenious sulphide is 
produced by passing hydrogen sulphide through a cold saturated 
solution of arsenic (III) oxide in water. 


AssOs + 3HyS — As:Ss} + 3H:O 
The resulting arsenious sulphide sol is bright golden yellow. 


5. Hydrolysis. The preparation of iron (IH) hydroxide sol 
provides an example of this method. When a concentrated solution 
of iron (ILI) chloride is added to boiling water, iron (III) hydroxide 
is produced by hydrolysis. 


Fe?* + (3CI-) + 3H,0 + Fe(OH); | + 3H* + (3CI-) 
Though iron (III) hydroxide is insoluble in water, it does not form 
a precipitate under these conditions, but remains suspended iz 
water as colloidal particles. The result is a transparent Fe(OH)s 
sol of the colour of strong tea. 


6. Change of solvent. A substance is often thrown out of 
solution in particles of colloidal size by suddenly changing the 
solvent. For example, when alcoholic solutions of sulphur or 
phosphorus are poured into a large excess oi water, in which these 
substances are only very slightly soluble, they form their respective 
hydrosols. 
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B. Disintegration or dispersion methods. In the disite- 
gration methods, as the name suggests, particles of colloidal size 
are produced by the disintegration of a bulk quantity of material. 
These methods may involve the use of such mechanical methods as 
grinding or shaking, an electric arc, or the addition of a third 
substance, 

1. Mechanical grinding. Coarse particles may be reduced 
to colloidal size by grinding them with a mortar and pestle. In 
large scale preparations, large grinding and shearing machines, 
called colloid mills, are used to break down coarse particles to the 
desired colloidal size, In the colloidal mill (Fig. 4-2), two or more 
circular discs, .nearly touching each other, rotate at high speed, 
each in the opposite direction to its neighbour, A suspension of the 
solid in the dispersion medium is slowly fed into the space between 
the discs, The suspended particles are subjected to a powerful 
Shearing force and are disintegrated to yield particles of colloidal 
Size, Colloid mills are widely used in the industrial preparation of 
Paints, pharmaceutical products, and food products, and for 
grinding cement clinker to produce cement.* 


suspension 


hollow shaft 


f. s "discharge 
discharge < e SS 2 


Fig.4-2. Acoiloid mill. 

2 Electric are process (electrodispersion). In this process, 
two wires made of or wrapped with the metal fo be dispersed are 
Set with their tips quite close —— 
together under vaten aa attached to high voltage 
toa high-voltage electric genera- 
tor (Fig. 4-3). The intense heat 
Of the electric arc thus struck bet- Y jJ *lectrodes 
ween the wires causes the metal to \ 
vaporize, The vapour immediately 
condenses to particles of colloidal 
Size producing the metal sol. This 
Method js widely used for the 
Preparation of sols of gold, plati- 
Dum, silver, copper, and many Fig. 4-3. Electric arc process for 
Other metals, It is often referred the preparation of metal sols. 
to as Bredig's arc method. 

UT HUE B SATE LCL 


*The final hardness of concrete depends largely on the fineness of the 
cement particles, 
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3. Peptizatlon. Freshly precipitated substance may often be 
reconverted into the colloidal particles which coagulated to form 
the precipitate, by the addition of a suitable reagent. The process is 
known as peptization and the reagent added is called the peptizing 
agent or dispersing agent. The peptizing agent is usually an electro- 
lyte having one ion common with the precipitate to be dispersed. 
For example, freshly precipitated iron (III) hydroxide, obtained by 
the interaction of iron (III) chloride and ammonium hydroxide, is 
peptized upon addition of ison (III) chloride solution to form a 
dark reddish-brown sol. 


Experiment 1. Preparation of starch sol. 


Grind about Ig of a soluble starch into a ‘thin paste witb cold water 
Pour the paste drop by drop into about 100 cm? of water boiling in a beaker. 
Continue to boil for two minutes after the entire paste has been added. Allov 
to stand until cold, and then decant off the clear liquid. This is starch sol. 


Experiment 2. Preparation of sulphur sol. 


Bubble hydrogen sulphide through distilled water until saturated solv- 
tion is obtained. Add a few drops of hydrogen peroxide to the solution; it will 
turn pale-white owing to the formation of cclioidal sulphur. Remove the 
excess of hydrogen sulphide by boiling. 

Experiment 3. Preparation of arsenicus sulphide sol. 

Boil 0°2 g of arsenic (III) oxide with 100 cm3 of water until it is 
completely dissolved, making up the loss of water by evaporation by adding 
distilled water from time to time. Cool the solution and pass hydrogen sul- 
phide through it in a slow stream until the yellow colour produced has acquired 
maximum intensity. Boil off excess of hydrogen sulphide by boiling, The 
resulting bright yellow liquid is As,S; sol. 


3. Stabilization of Colloidal Solutions 


Hydrophobic sols prepared by chemical methods contain 
electrolytes which tend to coagulate them (the reason for this is 
discussed in Sec. 4, page. 123 
To stabilize the colloid, then, it 


is necessary to remove any bag 
electrolyte present so far as 

possible, This is done by 

placing the sol in a bag of 

cellophane, parchment, or ani- dispersion 
mal membrane, and suspending medium 


the bag in a vessel in which 
water is being continually re- 
newed. The semipermeable 
membrane of the bag permits 
the ions of the electrolyte to Fig. 4-4. Dialysis. 

diffuse from the sol into the N 
water outside, but not the larger colloidal particles which remain 
behind in the bag (Fig. 4-4). The process of separation 0j colloids 
in a sol from dissolved electrolytes by selective diffusi on through a 
semi-permeable membrane is called dialysis, By allowing this der 
cess, which is slow, to continue for a time, most of the ions can be 
eventually removed, and the colloidal sol is thus stabilized. 
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The process of ultrafiltration is also employed for freeing a sol 
from dissolved electrolytes. This process makes use of u/trafilters 
which are made by impregnating filter paper with collodion solution 
of a suitable concentration. The ultrafilter of suitable pore size is 
fitted to a support in such a manner that the sol to be filtered may 
be subjected to high pressures, Ultrafiltration is more rapid than 
dialysis. and permits the colloidal particles of different size present 
in a sol to be separated from each other if ultrafilters of different 
Pore size are employed. The soluble impurities pass out in the 
filtrate while colloidal particles are retained by the filter paper in 
the-form of slime, The slime is removed and resuspended in water 
to get the sol, 


866068 


solvent 


Fig. 4-5 (left), In filtration, colloidal (right). Tn ultrafiltration, the colloi« 
particles pass through, so that they dal particles are held back while 
are not separated from the electrolytes soluble impurities pa:s out in the 
present; the filtrate is the sol, itself filtrate; the filtrate is the pure solvent. 


Lyophobic sols are sometimes stabilized by adding to them a 
small quantity of a lyophilic sol. Four example, gelatine, a lyophilic 
colloid, is added to ice-cream mix to produce a smoother product; 
gelatine prevents the colloidal particles of ice from coagulating and 
thus giving it a gritty structure, Gelatine is also added to milk to 
prevent curdling A protective colloid, such as glue, is added to 
electroplating baths to produce a smoother surface, 


4. Properties of Colloidal Solutions 


1, Heterogeneity. Colloidal solutions are heterogeneous 
systems consisting of the particles of a solid substance dispersed in 
a liquid. True solutions are homogeneous systems consisting of 
molecules or ions of the dissolved substance uniformly distributed 
in a liquid. 


2. Filtrability. Colloidal particles are small enough so that 
they can easily pass tbrough the pores of ordinary filter paper. 
However, they can be filtered out by using ultrafilters made of un- 
glazed porcelain or of filter paper impregnated with collodion to 
reduce the size of its pores. 


3. Optical properties. When a strong beam of light (e.g., 
that from a projection lantern) is passed through an apparently 
transparent colloidal sol. the path of the beam becomces visible 
through the dispersion, if viewed in a darkened room (Fig. 4-6). 
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This phenomenon, called Tyndall's effect, arises from the fact that 
each colloidal particle scatters the light rays that fall upon it, 
becoming, in a sense, a luminous point. Particles of molecular or 
ionic size, as in true solutions, are too smallto cause such a light 
scattering. Thus, Tyndall's effect is a means of readily differentia- 
ting a sol from a true solution. 


Tyndall's cone of 
scattered light 


true solution colloidal solution 


Fig. 4-6. The particles in a true solution are incapable of 
scattering light; those in a sol are large enough to scatter light 
in every direction, so that the patb of the beam of light 
passing through is illuminated. 

Light scattered by coiloidal particles is also selectively scatter- 
ed in colour. Smaller particles scatter shorter wavelengths of light; 
larger particles scatter longer wavelengths. Thus, silver sols of 
identical composition exhibit a wide variety of colours owing to the 
differing size of the dispersed particles (Table 4-3). 


Table 4-3. Colour of silver sols. 
Colour of silver sol. Diameter of colloidal particle 
1. Orange-yellow 6x 1075 mm 
2. Orange-red 9x10°5 mm 
3. Purple 13x1075 mm 
4. Violet 15x1075 mm 


For the same reason the sky at sunset appears to be domina- 
ted by orange and red colours. The light of setting sun passes 
through the lower layers of atmosphere, where larger particles 
scatter longer and still longer wavelengths of the solar spectrum. 


The Tyndall effect is the underlying principle of the instru- 
ment called the ultramicroscope. An ultramicroscope differs from 
an ordinary one in this that in the former the light enters the liquid 
under study laterally, instead of from below. The arrangement 
of an ultramicroscope is shown diagrammatically in Fig. 4-7. An 
intense beam of light is sent through the liquid under study in a 
darkened space which is viewed under a powerful microscope 
directed at right angles to the beam. If the liquid is perfectly 
homogeneous (as a true solution is), all the fields of vision will 
appear dark as no light rays enter the tube of the microscope. If 
the liquid contains dispersed colloidal particles, the light scattered 
by them reaches the observer's eye making the particles appear as 
specks of bright light against a dark background. It may, however, 


COLLOIDAL SOLUTIONS 121 


be stressed again that the actual particles are not visible, but only 
the light scattered by them, 


condensing 
| lens 
xem |) Sade 
arc =< es Neer ie 
test solution 
aperture stop 


stop 


Fig. 4-7. The arrangement of an uitramicroscope. 


4. Kinetic properties When colloidal particles are observed 
"under an ultramicroscope, they are found to be in continual, 
rapid, and irregular motion in all directions (Fig.4-8). This 
motion is caused by the continuous irregular bombardment of the 
dispersed particles by the molecules of the dispersion medium, and 
is called Brownian movement after the botanist Robert Brown who 
first observed it in 1828. The Brownian movement is an impressive 
evidence in support of the kinetic—molecular theory of matter 
It must be realized, however, that molecular collisions are experien- 
ced by all particles dispersed in a medium whatever their dimen- 
sions, However, the motion acquired by the particles as a result of 
such collisions is discernable only when they are of colloidal size. 
When the particles are larger, the molecular collisions cause little’ 


movement because of the very large mass of the particles relative 
to the colliding molecules, 


Fig. 4-9. Brownian movement is 
caused by the impact of molecules of 
€ dispersion medium; the thick winged 
arrows show the resultant of all such 
impacts and the Buen in which jns 
Fig. 4-8. Brownian colloidal particle moves (large circles 
d colloidal patticlesin secre indicate collodal particles; small 
i circles represent molecules of the 
dispersion medium). 
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5. Electric charge. When a lyophobic sol, e.g., iron (III) 
hydroxide sol, is placed in an electrolytic cell, its colloidal particles 
move towards the anode 
or the cathode, and finally 
coagulate into coarse 
aggregates on contact 
with the attracting elec- 
trode (Fig, 4-10). The 
movement of the colloid 
particles under the influ- 
ence of current shows 
that they are electrically 
charged bodies, and is 
referred to as electro- 
phoresis (meaning elect- 
rical transfer of particles). 
All.particles in any one 
colloidal system have the Fig. 4-10. Coagulation of iron (III) 
same charge. The colloi- hydroxide sol in an electrolytic cell. 
dal particles of metal 
hydroxides are positively charged; particles of metals, sulphur and 
sulphides of metals have negative charges. 


The colloidal particles develop electric charge by the adsorp- 
tion of ions which exist in the surrounding solution If the colloidal: 
particles adsorb predominantly or exclusively positive ions, they 
acquire positive charge. Thus the colloidal particles of iron (III) 
hydroxide formed by the hydrolysis of FeCls in hot water preferen- 
tially adsorb iron (I{I) ions and become positively charged, leaving 
an excess of free hydroxyl ions in the solution. Arsenic (III) 
sulphide, AssSs, particles formed by the action of hydrogen sulphide 
on a solution of As,Os, adsorb S* ions resulting from the ioniza- 
tion of -HsS (HeS=2H++S*-), and acquire a negative charge. In 
the sol, the charged colloidal particles are surrounded by ions of 
opposite charge, called counter ions An arsenic (III) sulphide 
particle, for example, has negatively charged surface, whereas the 
surrounding liquid is positive with respect to it. 


dispersion, medium; dispersion medium 


Fig. 4-11. Charges on colloidal particles. Particle 

A is negatively charged, and is surrounded by postiive 

ions in the dispersion medium; Particle B is positively 

charged, and is surrounded by negative counter ions. 
in the dispersion medium, 
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6. Precipitation or Coagulation. Since all colloidal parti- 
cles in a sol carry the same charge, they repel each other, thus 
tending to remain scatterd or suspended throughout the liquid. If 
by some means the charge on the colloidal particles is destroyed, 
th ey will approach eacü other and cluster into larger aggregates, 
so that a precipitate is finally produced. This is what happens 
when an electrolyte is added to a colloidal sol. The charged colloi- 
dal particles adsorb the oppositely charged ions produced by the 
electrolyte, In this way, the charge on the colloidal particles is 
neutralized, and the resulting neutral particles coalesce to form a 
precipitate. For instance when hydrochloric acid or sodium chlo- 
ride is added to arsenic (III) sulphide sol, coagulation begins imme- 
diately, and arsenic (III) sulphice separates out of the liquid as a 
yellow precipitate. The coagu'ating power of an ion, which is of 
opposite electrical sign to that of the colloidal particle, increases 
with increasing valency of the ion. This statemer. is known as the 
Hardy—Schulze rule. Thus, for tbe precipitation of negatively 
charged arsenic (III) sulphide sol, divalent cations (e g , Mg?*) are 
about 100 times, and trivalent cations (e.g., Al?*) about 700 times 
as effective as the monovalent cations (e.g,, Nat). The rapid coagu- 
lation of blood, a typical colloidal dispersion, by alum (which 
furnishes-the trivalent positive ion, AI?*) illustrates the strong 
Precipitation power of the trivalent ion. The use of alum in the 
purification of drinking water also depends upon the strong power 
of the AI5* ions to coagulate negative colloidal particles contained 
in large quantities in any natural waters. 


Coagulation of colloidal particles in a sol is brought about 
not only by electolytes but also by other colloids with opposite 
charge on their particles, For example, when iron (III) hydroxide 
sol and arsenic (II!) sulphide sol are mixed together, the dispersed 
Particles of both sols coagulate, and a precipitate immediately 
appears, This precipitation is not caused by any chemical reaction 
between the two substances but by the neutralization of the charge 
on the particles of one by those of the other. 


Coagulation of lyophobic sols also occurs when they are 
boiled, Probably, at higher temperatures the colloidal particles 
are caused to colloide together more frequently and vigorously so 
that they coalesce to finally form a precipitate, This is why colloi- 
dal dispersions produced during chemical analysis are boiled; 
boiling causes coagulation of the dispersed particles which can 
then be removed by filtration, Egg albumin, a hydrophilic colloid, 
1e Coapite by hot water or hot grease in the poaching or frying 
of eggs. 


Summing up, hydrophobic colloids can be precipitated by (1) 
electrolysis (1.e., electrophoresis), (2) addition of electrolytes, (3) 
addition of oppositely charged sol, and (4) boiling. Hydrophilic 
Colloids are more stable against coagulation. 


7. Adsorption, Solid substances have a specific ability of 
attracting and holding other substances, e.g., molecules of a gas os 
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molecules and ions of dissolved substances on their surface. This 
phenomenon, called adsorption, is apparently an electrical effect 
due to unbalanced electronic ^ ^ ^ 
forces on the surface. Where- : 1 ' 1 

as the atoms, molecules, or 

ions at the surface in the €-- 
interior of the body are surr- 
ounded on all sides by simi- ¢-- ea 
lar particles having equal 


attractive forces, those at the PO -> 
surface are surrounded by t 
like particles only on one i i 4 H 
side. The surface particles, n Y 


i Fig. 4-12. Unsatisfied attractive forces 

meor A os DRESS (represented by dotted arrows) on surface 

IVE LOTCES (Fig. 4-12). particles (represented by unshaded circles). 
These unsatisfied forces, also 


called residua] valence forces, are largely responsible for adsorp- 
tion. 

Colloidal particles possess tremendous power of adsorption 
because they have a very large surface area for a given mass of 
material. The large surface area of colloidal particles is the result 
of the subdivision of material; the surface area of a material being 
a function of its particle size. Consider a solid cube | cm on each 
edge, If it is divided across the middle of each face, eight smaller 
cubes are formed, each 0:5 cm on each edge, The total surface area 
of the eight smaller cubes is 8(6x0:5x0 5] cm? or 12 cm?. If the 
cube is divided into 1000 cubes each 0*1 cm on each edge, the total 
surface area becomes 1000[6x0'1x0'1] or 60 cmt. If the sub- 
division is continued until cubes of colloidal dimensions, say 10-5, 
cm on each edge, are produced, the total number of particles will 
be 1018 and the total surface area 1018[6 x 10-8 x 1075]cm* or 
6,000,000 cm*. Because of their tremendous surface exposed to the 
surrounding medium, colloidal particles are powerful adsorbers. 
One volume of finely divided palladium adsorbs nearly 1000 volumes 
of hydrogen. It may also be recalled that lyophobic colloids are 
stabilized by adsorption of ions from the surrounding solution. 


The term adsorption must 
be clearly distinguished from 
‘absorption’. Adsorption invol- 
ves concentration of a subs- 
tance on a surface; absorption 
involves its penetration into the 
bulk of the solid (Fig. 4-13), 
For example, moisture is adsor- 
bed on a glass surface but 
absorbed in anhydrous calcium 


i Fig. 4-13. 
chloride. (a) Adsorption, (b) Absorption. 

8. Protection. Hydrophobic sols are stabilized in the pre- 
sence of a small quantity of a hydrophilic sol so that the coagula- 
tion does not occur so readily on addition of an electrolyte. Thus, 
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if a little gelatine is added to a gold sol it is no longer coagulated 
by sodium chloride. The effect of a hydrophilic sol of making a 
hydrophobic sol much less susceptible to coagulation by electrolytes 
is called protection and the hydrophilic sol added for this effect is 
called a protective colloid. Gelatine, gum arabic, and dextrin are 
the most familiar and widely used protective colloids, The colloidal 
dispersion of silver halides used in the preparation of photographic 
films is stabilized by the addition of gelatine. Gum arabic is used 
in the stabilization of certain inks. 

The mechanism of colloid protection can be explained in 
terms of adsorption, The lyophobic colloid absorbs the lyophilic 
colloid so that the latter forms a film surround- 
ing each lyophobic colloid particle (Fig. 4-14). 
This film prevents interaction with the ions of 
the electrolyte and the consequent formation lyophobic 
of clusters. colloid 

The protective action of lyophilic sols is 
compared in terms of the gold number. 
Gold number is the least number of milligrams 
of the protective colloid which must be added  ,. : 
to prevent the coagulation (accompanied by PIC o as 

n philic 
a change in colour from red to blue) of 10 cm? colloid (shaded circles) 
of a standard gold sol on the addition of a 10 ona lyophobic colloid. 
per cent aqueous solution of sodium chloride, 
The gold numbers of a few protective colloids are given below : 


Gelatine... 0:005 Gum arabic., zi 0:15 

Egg albumi 0:08 Gum tragaca 
Obviously, gelatine is the most effective one among these four pro- 
tective colloids. 


Experiment 4. Pour some dilute hydrochloric acid into two test tubes 
and add a little gelatine solution to one of them. Now add a few drops of silver 
nitrate solution to each test tube, and shake them well. A curdy precipitate 
of silver chloride is formed in the test tube not containing gelatine; in the other. 
test tube, the entire liquid becomes turbid, but no precipitate separates. 


5. Stability of Colloidal Sols 


Colloidal particles are much larger than molecules and ions, 
and often more dense than the medium in which they are dispersed. 
Yet, they do not settle out from a sol, separated by the pull of 
gravity. There areat least three good reasons for the stability of 
colloidal sols. 

1, Brownian movement. The colloidal particles in a sol, 
like the molecules or ions in a solution, are in a state of continuous 
rapid motion. Although the intensity of this motion, called 
Brownian movement, falls rapidly with increase in particle size, it 
is still high enough in the case of colloidal particles to offset the 
effect of gravity. 

2. Electric cherge. The colloidal particles in any so) are 
either all positively or all negatively charged. Particles bearing 
like charges, even upon close approach, will not collide and 
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coalesce, but will repel one another. Due to mutual repulsion, 
the colloidal particles tend to remain scattered or suspended 
throughout the liquid. 

3. Solvation. The charged particles and their counter ions 
(see p. 124) are often highly hydrated in solution. The resulting 
hydrated ‘shell’ prevents close contact and cohesion of colloidal 
particles. This factor is particularly important in the case of 
hydrophilic colloids which are extensively hydrated in a sol. 

As has been pointed out earlier, hydrophobic colloids are 
further stabilized by the addition of small amounts of a lyophilic 
colloid (protective colloid). 


6. Comparison of Hydrophobic and Hydrophilic 
Sols 


The difference between hydrophobic and hydrophilic colloids 
is manifested in many respects. The various points in this regard 
are summarized in Table 4-4, 


Table 4-4. A Comparison of hydrophobic and hydrophilic sols 
Property Hydrophobic sols Hydrophilic sols 

1. Detection of The particles may be The particles are not 

particles readily detected by means readily detected by means 
of an ultramicroscope. of an ultramicroscope. 

2. Viscosity Hardly differs from that Much higher than that 

of the dispersion medium. of the dispersion medium. 

3. Electric charge All particles in a sol Ihe charge on colloidal 

have the same charge particles depends upon 

resulting from the adsorp- the pH of the medium, 

tion of ions from the solu- since the particles readily 

tion. adsorb H* or OH- ions. 


This charge is often due 
to the dissociation of the 
molecules of the dispersed 


substance. 

4. Migration of The particles migrate in The particles may migrate 
particles in one characteristic direc- in either direction or: not 
electric field tion depending on the migrate at all, depending 

charge they bear. on the pH of the me- 
dium.* 

5, Stability Dispersed particles are Dispersed particles are 
(precipitation) precipitated by the addition not precipitated by small 

of small amounts of an amounts of electrolytes, 
electrolyte. although large quantities 


of electrolytes cause 
precipitation, 


6. Reversible/ When the liquid is removed, When the liquid is re- 
irreversible the resulting solid does not moved, the resulting jelly- 
nature form sol again by the simple like solid (gel) is recon- 

addition of the liquid. verted into sol by the 
addition of the liquid. 

7. Occurrence Generally, do not occur Most of these occur 

naturally. naturally. 


*At a certain pH the particles bear no net charge and, therefore, do not 
migrate in an electric field. This pH, called the isoelectric point, is different 


for different hydrophilic colloids. 
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6-1. Relative stability of hydrophobic and hydrophilic sols. 
Hydrophobic sols are coagulated by the addition of small 
quantities of electrolytes, just sufficient to neutralize the charge on 
them. Hydrophilic colloids, on the other hand, require the addition 
of much larger quantities of electrolytes for coagulation to occur. 
The reason is that hydrophilic colloids are extensively hydrated and 
are surrounded by a dense shell of water molecules (the hydrate 
Shell). This shell Xeeps them from clustering even when the charge 
on the particles bas been removed by the electrolyte. Tbus, in the 
case7of hydrophilic colloids mere removal of the charge on che 
particles is not enough, the hydrate shells, too, have to be destroyed 
before coagulation can occur, This necessitates the addition of 
electrolytes in large quantities. The ions from the extra electrolyte 
take. away the water molecules of the hydrate shells of collcia 
particles, and become themselves hydrated. This causes the coagu- 
lation of the sol. The coagulation of lyophilic sols by electrolytes 
is usually called sa/:ing our. A familiar example of the coagulation 
of a lyophilic colloid by the addition of electrolyte is the 'salting 
out’ of soap by adding sodium chloride to the suspension, 


In general, the main stability factor for lyophobic sols is the 
charge on their particles, while solvation of the dispersed particles 
is the main stability factor for lyophilic sols, A lyophobic sol is 
coagulated when the charge on its particles is removed; a lyophilic 
sol is coagulated when the charge as well the hydrate shell of the 
particles are removed. This is illustrated diagrammatically in 
Fig. 4-15. 


hygronhabig sol electrolyte > oagulated 
particle (removal of charge) sol particle 


electroiyte 
(removal of charge) 


Z electrolyte 
hydrophilic sol: 4 
particle i 


(removal of 
hydrate shell) 


Fig. 4-13. Coagulation of sols by electrolytes; much more quantity of 

electrolyte is required for the coagulation of lyophilic sols as the electro- 

lyte is used up not only for the removal of charge on the particles, but 
also of theiz hydrate shells. 


7. Some Practical Aspects of Colloids 


7-1, Colloids in life processes, Most of the components 
of living organisms such as blood and other body fluids, muscle 
tissue, bone, skin, and hair involve colloidal materials. Included 
also are the biocatalysts : enzymes, hormones, and vitamins. Salts 
dissolved in the watery fluids of the body are the electrolytes which 
control the dispersion of various colloidal systems in the body. 
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Any imbalance in the degree of dispersion of the colloidal proteins 
in the organs and tissues of the body is manifested in certain 
mental disorders and swelling of the tissues. Almost all foods and 
their components such as starches (insoluble carbohydrates), 
proteins, and fats are colloidal materiais. The whole process of 
assimilation of food is one of colloidal chemistry. 


7-2. Colloids in nature. Many natural phenomena are based 
on the colloidal pzoperties of substances. 


1. Formation of deltas, Colloidal clay or silt particles in a 
river are negatively charged by the preferential adsorption of 
hydroxide, OH™, ions. When the river water strikes the salty ocean 
water, two things happen : (1) The less dense river water fans out 
over the denser sea water in a surface Jayer, and (2) the negatively 
charged clay and silt particles which are stable in river water have 
their charges cancelled by the ions (e.g., Nat and Mg**) in the sea 
water, and are thereby precipitated, The deposition of the precipi- 
tated clay and silt during thousands of years produces a fan-shaped 
delta at the mouth cf large rivers. 


2. Soll. Soil consists of colloidal particles which can adsorb 
moisture and nourishing materials. Fertile soils contain humus 
(decayed animal and vegetable material) which acts as the protec- 
tive colloid. 


3. Blue colour of sky. The colloidal dust particles floating 
about in the sky scatter blue light, thus making the sky appear 
blue. In the absence of these colloidal particles the sky would 
have appeared dark throughout. 


4. Tail of comets. As a comet flies across the sky with a 
tremendous velocity, it leaves behind a trail of tiny solid particles 
suspended in air, These particles scatter light (Tyndall effect) and 
appear as the luminous tail of the comet. 


7-3. Colloids in everyday life. Colloids and colloidal pheno- 
mena play an important role in everyday life. Many things in 
daily use are colloidaltin nature—soaps, inks, dyes, glues, adhesives, 
paints, rubber, photographic films, coloured glass, clay products, 
cement, medicines, and many more. However, special reference 
may be made in respect of the following : 


1. Medicines, Colloidal medicines are readily adsorbed in 
the system and are, therefore, more effective. Colloidal gold, 
colloidal calcium. etc, are administered by intravenous injection 
to increase vitality. Argyro. and protargol are protected colloidal 
solutions of silver (argentum) used in the treatment of granulations 
in eyes. ij 

2. Purification of water. The purification of drinking water 
involves the coagulation of suspended colloidal particles of clay, 
sand, etc, by the addition of alum. The alum, being a salt of 
aluminium, furnishes in water sclution tripositive aluminium ions, 
Al5*. These ions discharge the negatively charged dirt or clay 
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particles suspended in water, causing them to coagulate. Further- 
more, the aluminium sulphate in alum* is partly hydrolyzed by 
water to produce colloidal aluminium hydroxide which adsorbs 
suspended particles. 


3. Curdling of milk. The fermentation of the sugar in the 
milk produces lactic acid. The electrically charged ions from the 
acid cause the colloidal particles in the milk to discharge, coalesce, 
and separate as curd, The same effect is produced when any other 
acid is added to tbe milk. 


4. Cooking of foods. Poaching and frying of egg involve the 
coagulation of egg albumin, a lyophilic colloid, by hot water and 
hot grease respectively. The cooking of rice, potato, etc. involves 
the coagulation of starch particles. 


7-4. Colloids in techuology. Many colloidal phenomena 
have important technological applications. Some of these are : 


l. Smoke precipitation. The smoke and dust particles from 
furnaces are charged colloids. These are removed by using a device, 
called Cottrel preci- 
Pitator, after the name 
2 due inventor, Dr. E 

rederic G, Cottrell, an tage 

American chemist, In this eae nats f 
device (Fig. 4-16) the 
Charged particles suspen- 
ded in the smoke are 
attracted to highly char- 
ged electrodes, where they 
lose their charge, coagu- 
late, and drop down as 
dust. Dust-free gases 
escape from the stack. 


smoke-free 
gases 


smoke-laden 


The precipitated gases 


dusts from smelters, fur- 
naces, and kilns often 
Contain valuable by-pro- 
ducts which, in the 
absence of electric precipi- 
tator, would have literally Fig. 4-16. Smoke precipitation in 
gone up in smoke. Potass- Cottrel precipitator. 

tum salts are recovered Ne 
from the dust of cement kilns while arsenic (III) sulphide is 
recovered from the dust of furnaces and smelters in which metal 
sulphides are roasted. 


2. Rubber precipitation. The sap of rubber tree, called 
latex, is a milky liquid consisting of negatively charged rubber 
Particles, These are coagulated by the addition of acetic acid. 
ile Pr Mrs E ME 
A *Alum is the double sulphate of potassium and aluminium correspond- 
ing to the formula K2SOq.Al2(SO4)3.24H20. 


precipitated 
carbon particies 
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3. Sewage disposal, Dirt particles suspended in water are 
mostly negatively charged colloids. These are removed by allowing 
the dirty water to flow through ^ coagutated magnified 
big sewage disposal tanks  so!paiticles Sol particle 
fitted with metallic electrodes 
(Fig.4-17). The cclloidal dirt 
particles lose their charge at 
the oppositely charged elec- 
trodes, coagulate. and settle 
down as sludge. The sludge is 
used as manure and the ciear 
water is used for irrigation. 


4. Dyeing. In the dyeing of cotton fabrics, the cloth is first 
treated with a colloidal suspension of a substance, called mordant 
(e.g., aluminium hydroxide), The colloid has a strong adsorptive 
attraction for the fabric on one hand and for the dye on the other. 
ane result, the dye sticks fast to the fabric for the length of 
its life. 


Fig. 4-17. Sewage disposal. 


Questions 


1. Distinguish between true solutions, colloidal solutions, and suspen- 

sions-in respect of the fcllowing : 
(i) particle size, 

(ii) nature of the system, 

(iii? visibility of particles, 

(iv) tendency of particles to settle out. 

2. What are sols, hydrosols, and alcosols ? 

5. Why does the term colloid refer to a 'state' of matter rather than a 
kind of matter ? 

4. Can one have a colloidal dispersion of a gas in a gas ? Explain. 

5. Give two examples each of hydrophobic and hydrophilic sols. Why 
are these called ‘reversible sols’ and ‘irreversible sols’ respectively ? 

6. How do the viscosities of hydrophobic and hydrophilic sols compare 
with the viscosity of distilled water ? 

7. Distinguish between ‘condensation methods’ and ‘dispersion methods’ 
for preparing colloidal solutions. : 

8. What is ‘dialysis’ ? How does it help the colloidal sol to stabilize ? 

9. Gelatine is often added to ice-cream mix to produce a smoother 
product. What is the function of gelatine ? 


10. The path of a strong beam of jight becomes visible through a 
colloidal sol but not through a true solution. Explain the reason. What is this 
effect called ? 

11. What is Brownian movement ? How does it originate ? 

12. What is electrophoresis ? In what respects does it differ from 
electrolysis ? — 

13. Explain the difference between the electric charge on ions and on 
colloidal particles. 

14. State four metbods for coagulating hydrophobic colloidal dispersions. 

15. State Hardy-Schulze rule. Arrange the electrolytes Na28S0«4, MgSO4, 

and Ale(SO,/s in the increasing order of their effectiveness in coagulating the 
n Cvelv charged arsenic (III) sulphide sol, 


"COLLODIAL SOLUTIONS 131 


à 16. Why should MgSO; be more effective in coagulating a Fe(OH)s 
dispersion in water than NaCl? 

17. Distinguish between ‘adsorption’ and ‘absorption’ with a suitable 
example. 

18. Define ‘gold number’. Name any two protective colloids. 
,19. Explain the protective action of a hydrophilic colloid upon a hydro- 
phobic sol. 

20. Why do the heavy particles of colloidal gold not sink in water ? 

21. A much more quantity of electrolyte is required for the coagulation 
of a hydrophilic sol than that for the coagulation of a hydrophobic sol. Explain 
the reason. 

k 22. The suspended particles carried by rivers are partially of colloidal 
size. How does this fact explain the formation of river deltas where the rivers 
‘flow into the ocean ? a 

23. How would you account for the following : 

(a) Blue colour of sky, 

(b? Tail of comets, 

(c) Curdling of milk on long standing, 

(d) The use of potash alum in the purification of water. 

24. Discuss the principle of smoke precipitation. 

25. Why is the cotton cloth required to be mordanted before dyeing ? 


‘Explain. 
Key 


12. Electrophoresis differs from electrolysis in the following respects : 

(i) Electrolysis involves the chemical decomposition of the electrolyte; 
electrophoresis does not involve chemical decomposition. 

(ii) The products of electrolysis appear on both electrodes, electro- 
phoresis results in the coagulation of the colloidal particles of the 
sol on either of the two electrodes depending on the charge on the 
colloidal particles. 

13. The elcctric charge on ions arises by transfer of electrons from or to 
neutral atoms (positive charge by the loss and negative charge by the gain of 
electrons); that on colloidal particles arises by the adsorption of ions wbich 
exist in the surrounding solution, 

16. Fe(OH)s dispersion in water is positively charged; hence it will be 
‘coagulated by negative ions. The negative ions furnished by MgSO,(SO!* ) 
being divalent are more effective in coagulating Fe(OH)s than tbose furnished 
by NaC! (CI~) which are monovalent, 

20. Owing to (i) Brownian movement of the colloidol particles which 
Offsets the effect of gravity, and (ii) the negative charge on all gold. particles so 
‘that they repel each other and remain scattered throughout the liquid. 


Electrode Potentials 


The chemical activity of metals was originally described in terms 
of their ability to ‘displace’ hydrogen from acids. On this basis 
metals were arranged ina series, called the activity series, in 
which hydrogen was included as a sort of dividing line between 
those metals which are more active and those which are less so. 
Any metal above hydrogen in this series will displace hydrogen 
gas from acids and will displace a lower metal from a solution of 
its ions. 

Today, the activity of metals is described in terms of their ability 
to lose electrons measured as their standard electrode potentials. 
The activity series, now called electrochemical series, is the 
arrangement of elements in order of decreasing standard 
potentials; the smaller the value of the potential, the weaker the 
tendency for a metal to ionize i.e., to lose electrons, and: vice 
versa. 


1. Meaning of the Electrode Potential 


When a piece of metal is placed in a solution containing its 
ions, some of its atoms tend to give up electrons to the piece of 
metal and go into solution as positive ions. The accumulation of 
electrons on the metal surface builds up an electrostatic field which 
tends to hold the positive metal ions close to the metal surface. 
At the same time, however, some of the metal ions already in 
solution tend to take up electrons from the metal and deposit 
themselves as neutral atoms, Whichever tendency is greater in a 
given case determines whether the metal will become negatively 
charged or positively charged with respect to the solution. A rod 
of zinc, for example, becomes negatively charged owing to the net 
ionization of some of its atoms. As a result, it attracts a layer of 
positive Zn** (aq) ions to form an electrical double layer* (Fig: 
5-1.) When equilibrium is eventually established, the two opposing 
processes continue at the same rate without any change in the 
potential difference, The charge build up on the metal is minute 
and an equilibrium involving zinc atoms, excess electrons on the 


*This can be compared to an electric capacitor, one plate being the 
charged metal surface, and the other the layer of ions near it. 
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rod of copper 


sclution 
J containing 
zinc ions 


‘Fig, 5-1. Electrical double layer at Fig. 5-2. Electrical double layer at the 
the surface of zinc metal in a surface of copper metal in a solution 
solution containing zinc ions, Zo**. containing copper ions, Cutt. 


‘piece of zinc metal, and adsorbed Zn** (aq) ions quickly develops. 
This can be represented as 


Zn(s) & Znt*(ag) +-2e- 


In the case of less active metals, like copper, the tendency of 
the positive metal ions to pick up electrons from the metal atoms 
predominates over the tendency of metal atoms to lose electrons 
and go into solution as positive ions. Consequently, the metal 
becomes positively charged with respect to the solution. In this 
case, too, an electrical double laycr is formed as shown in Fig 5-2. 


There is an electrical potential difference across the double 
layer at a metal surface, due to the separation of charges. The 
potential difference between a metal and a solution of its ions (in 
equilibrium) is known as the electrode potentlal of the metal. The 
electrode potential of metal serves as a measure of its capacity 
for yielding electrons and, therefore, of its chemical activity during 
reactions taking place in solution. 


2. Factors Affecting Electrode Potentials 


At equilibriunt the potential difference between th o metal and 
the solution of its ions, i.e, the electrode potential is dependent 
upon the following factors : 


l. Nature of the metal. Since no two metals (conductors) 
have the same electron structures, no two metals can have exactly 
the same tendency to lose electrons, i.e., the same electrode poten- 
tial. The more active the metal the greater is the tendency to 
form ions and the more negative is the potential of the electrode 
with respect to the solution. Thus, zinc being more active than 
copper, has stronger tendency to lose its electrons; that is, it has 
a higher electrode potential. 
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2. Concentration of metal ions in solution. The size of the 
electrode potential of a metal varies with the concentration of its 
ions in solution. For example, an increase in the zinc ion concen- 
tration causes the equilibrium Zn = Znt* + 2e- to shift to the left 
affecting the electrode potential adversely. A decrease in zinc on 
concentration will shift the equilibrium to the right and the 
electrode potential willincrease. The electrode potential of a zinc 
electrode, forexample, will be greater when immersed in a 1-molal 
solution of zinc ions than when immersed in a 2-molal solution of 
zinc ions. Because zinc is a solid, its concentration is constant and 
the size of the electrode does not influence the electrode potential. 


3. Temperature. As with most equilibria, a change in tem- 
perature will cause a shift in the equilibrium 


metal = metal ions. 


shift towards one side or the other. Hence, the electrode potential 
of a given metal will vary with the temperature of the solution. 


3. Standard Electrode Potentials 


Since the electrode potential of a given metal varies with the 
concentration of its ions in solution and upon the temperature, it is 
necessary to specify both of these variables before comparing the 
values for different elements. The potential developed when an 
electrode is in contact with a molar solution of its ions at 25°C is 
arbitrarily chosen as the basis for comparison, and is known as 
the standard electrode potential of that element. 


No satisfactory method has been devised for measuring single 
electrode potentials, i.e., the absolute difference in electrical poten- 
tial between a metal electrode and a solution of its ions. However, 
the difference between the potentials of two electrodes can be easily 
measured For the measurement of electrode potentials, a hydrogen 
electrode dipping into a solution containing hydrogen ions at a 
concentration of 1M at 25°C has been adopted as a standard for 
comparison, This is called standard hydrogen electrode and its 
potential has been arbitrarily assigned the value 0'000 V. The 
standard electrode potential of any glven electrode, then, is the diffe- 
rence of potentials (in volts) between its electrode potential when the 
concentration of the ion in the solution is 1M and that of a standard 
hydrogen electrode dipping into a solution of 1 M activity of H* 
ions, at 25°C, The standard electrode potentials determined against 
this standard are known as the standard electrode potentials on the 
hydrogen scale. These are represented by the symbol E°. Thus, 
composed with the standard hydrogen electrode potential of 
0,00 volt, the standard electrode potential of magnesium is +2.34 
Volts, that of zinc is +0.76 volt, and that of copper is —0.34 volt. 
The reason for designating the potentials of magnesium and zinc 
as ari and that of copper as negative is given in section 5, 
Page 138, 
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It must be clearly understood that the potential of the 
standard hydrogen electrode is only arbitrarily taken as zero. This 
does not mean that hydrogen has no electrode potential at all, It 
simply provides a convenient basis of comparison for all other 
electrode potentials, just as the freezing point of water is conven- 
tionally accepted as the zero of temperature on the Celsius scale. 


4. The Standard Hydrogen Electrode 


How can a gas form an electrode ? For practical purposes, a 
solid conductor has to be employed. Single electrodes involving 
gases can be set up by bubbling the gas over an inert metallic con- 
ductor that will conduct electrons but will not itself take part in 
the electrode reaction. Thus, the standard hydrogen electrode is 
constructed as follows. A piece of platinum foil is coated electro- 
lytically with finely-divided platinum (called platinum black) to give 
it a large surface area. It is then suspended in a solution containing 
hydrogen ions at a concentration of 1M, and surrounded by a glass 
jacket. Pure hydroen gas.at a pressure of latm, is continually 
bubbled over the platinized platinum electrode (Fig, 5-3). Hydrogen 
is adsorbed and the electrode, in effect, presents a surface of 


hydrogen 
at 1 atm 


platinum 
wire. 


platinum foit 
coated with 


platinum black 


Fig. 5-3. The hydrogen electrode. 


hydrogen to the solution and acts as a ‘metallic’ hydrogen elec- 
trode. Activation of the hydrogen by platinum results in a tendency 
of its atoms to ionise and lose electrons to the platinum, making it 
negative. This tendency is opposed by that of the H+ ion: in 
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solution.to acquire electrons from the negatively charged platinum 
and be reduced to hydrogen, A difference in potential between 
the electrode and the solution is established as a consequence of the 
following equilibrium : 


H: we 2H* + 2e 


Itis thus obvious that the hydrogen electrode will have a certain 
potential. However, this potential is arbitrarily assigned the value 
zero. The need for bubbling hydrogen under a specified pressure 
arises from the fact that with hydrogen (and any other gas) elec- 
oas the potential will vary directly with the partial pressure of 
the gas. * 


5. Measurement of Standard Electrode Potentials 


The electrode potentials are measured with the aid of voltaic 
cells in which one of the electrodes is the metal under test, and the 
other, a hydrogen electrode, hooked up tbrough a voltmeter. For 
example, the standard electrode potential of zinc is measured by 
setting up an electrochemical cell consisting of a zinc electrode 
dipping into a 1M solution of zinc ions as one half of the cell and a 
standard hydrogen electrode as the other half (Fig, 5-4). The two 
halves of the cell are connected by a salt bridge consisting of a 
saturated solution of potassium chloride in a gel of agar-agar. 
This bridge permits ions to movejfreely through it but does not 
allow the two solutions to mix. Thus it serves to establish an 
electrical connection between the solutions of the two electrodes 
and thereby make a completed circuit. The cell notation is 


e 
> 


Zn | Zn*+, IM | H+, 1 M | Hy (Pt), 1 atm 


, Before the circuit is closed, i.e., before the zinc and platinum 
strips are connected by wire, the following equilibria obtain at the 
hydrogen electrode and the zinc electrode respectively, 


H; = 2H* + 2e 

Zn => Zn** + 2e- 
Upon closing the circuit, the current flows and the zinc is found to 
dissolve. This shows that the equilibrium at the zinc electrode is 


shifted to the right causing more zinc atoms to lose electrons and 
be oxidized to zinc ions. 


Zn — Zn** + 2e- 


The electrons lost by zinc flow to the hydrogen electrode through 
the connecting wire. Asa result of the inflow of electrons, the 
equilibrium at the hydrogen electrode is shifted to the left causing 
hydrogen ions to be reduced to free hydrogen. 


2H* + 2e-.— Hs 
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Zinc, where oxidation (loss of electrons) occurs is the anode; 
hydrogen, where reduction (gain of electrons) occurs is the cathode. 
The reactions that take place at the electrodes when the zinc- 
hydrogen cell is operating are : 


(anodic oxidation) : Zn — Zn** + 2e- 
(cathodic oxidation) : 2H* + 2e- > Hy 
(over-all reaction) : Zn + 2H* > Zn + Hif 


slectrode 


Fig, 15-4. Measurement of the electrode potential of zinc. 


The difference in potential between the two half cells as 
measured by a voltmeter is the force that causes electrons to move 
from the zinc electrode to the hydrogen electrode. This force is 
called the electromotive force (e.m.f.) of the cell and is 0°76 volt. 
As the potential of hydrogen electrode is assumed to be 0:000 volt, 
the electromotive force measured is the standard electrode potential 
of zinc. It is written with a plus sign to indicate that zinc is more 
easily oxidized than hydrogen, or, zinc has the higher electrode 
potential. The standard electrode potential of zinc is, therefore, 
+0°76 volt.* 


In a voltaic cell consisting of a copper electrode dipping into 
à IM solution of Cu** ions and a standard hydrogen electrode, the 
electrons flow from the hydrogen electrode to the copper electrode 
where they reduce Cu?* ions to neutral atoms. Obviously, copper 
has a lower electrode potential than hydrogen; or, hydrogen has a 
greater tendency to form positive ions and leave electrons than 


*It must be understood that the electrode potential 0°76 volt for the 
half-reaction Zn — Zn?* + 2e- is, in fact, the oxidation potential. If it is 
written as the reduction potential, the reaction would be reverse, and the sign 
would be opposite. Thus, for the reduction half-reaction Zn?" + 2e~ — Zn, 
the potential (£2) is —0'76 volt. The same applies to all the electrode potentials 
given in Table 6-1, page 141 
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does copper. The standard electrode potential of copper is, there- 
fore, given a negative value, —0°34 volt; the E, M.F. of the cell 


[i 
> 


Ha (Pt), 1 atm | H+, 1 M | Cu**, 1M | Cu 


as measured by a voltmeter being 0°34 volt, The reactions taking 
place in a copper-hydrogen cell in operation are ; 


(anodic oxidation) : Hy > 2H* + 2e7 
(cathodic reduction) : Cu** + 2e- + Cu 
(over-all reaction) : Ha + Cu** — Cu + 2H* 


In general, the standard electrode potential is written with a 
plus sign when the substance (element or ion) is more easily 
oxidized than hydrogen, and with a minus sign if it is more easily 
reduced than hydrogen, Thus the sign of the sign of the electrode 
potential for a substance is indicative of thecase of its oxidation 
or reduction as compared to hydrogen. 


6. Mechanism of Current Production in Voltaic Cells 


Any cell which generates electric current by an oxidation-reduc- 
tion reaction is known as a voltaic cell. The mechanism of current 
production in voltaic cells can be explained on the basis of the 
electron densities acquired by the two electrodes, Consider, for 
instance, a zinc-copper cell (Fig. 5-5), In this cell, the zinc 
electrode dipped in the zinc sulphate solution acquires a high 
current density as it has a strong tendency to pass into solution as 
the positive ions, Zn**. The copper electrode dipped in the copper 
sulphate solution, becomes electron deficient (i.e., positively 
charged) as the Cu** ions in the solution have a stronger tendency 
to take on electrons from the atoms of copper than the opposing 
tendency. If the electrodes are not connected to one another by 
à conductor, the following equilibria will be established : 


Zn = Zn** + 2e- (at the zinc electrode) 
Cu = Cutt + 2e- (at the copper electrode) 


and there will be no further passage of zinc ions into the solution 
or the deposition of copper atoms from the solution containing 
Cu** jons. Upon closing the electrical circuit, the electrons 
accumulating on the zinc start flowing through the wire connecting 
the two electrodes to the copper electrode where there is a shortage 
of electrons. As the electron density increases at the copper 
electrode, the equilibrium is shifted to the left, causing copper ions 
to be reduced to copper atoms. 


Cu « Cut + 2e- 


At the same time the electron density at the zinc electrode 
decreases, and the equilibrium at tbe zinc electrode is shifted to the 
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right causing more zinc atoms to give up electrons and change into 
zinc ions : 
Zn — Zn** + 2e 

Thus, the zinc is able to send more and more Zn** ions into 
the solution, while Cu** ions continue to be discharged at the 
copper electrode and to deposit as copper metal. The two processes 
continue until all the zinc is dissolved or the Cu** ions are used up 
completely. 


sal copper 


t bridge 


Fig. 5-5. A voltaic cell involving zinc and copper electrodes. 


It will, however, be wrong to infer from the above description 
shat in a voltaic cell, one of the electrodes must become negatively 
charged and the other positively. The only requirement for the flow 
of electrons from one charged body to another is that they should . 
have different potentials or electron densities. This conditions is 
met whenever a galvanic cell is set up with two poles of different 
electrode potentials. The reason is that the capacity for splitting 
off electrons and passing into ions is different in different metals. 
In a galvanic cell consisting of zinc and iron dipping in 1M 
solutions of their salts, both metals will be negatively charged in 
their respective solutions. Yet, there will be 2 definite difference 
of potentials between them. If the metals are connected with a 
conducting wire, the current will be produced due to the flow of 
electrons from the zinc having a higher electrode potential to the 
iron having a lower electrode potential. The zinc will dissolve and 
the iron will deposit from solution containing Fe**ions. The 
reactions taking place in the cell 

e 
x^ 


Zn | Znt*, 1M || Fe*+, 1M | Fe 


can b represented by the equations given below : 
(anodic oxidation) : Zn > Zn** + 2e 
(cathodic reduction) ; Fett + 2e- > Fe — — 
(over-all reaction) : Zn + Fett — Zn?* + Fe 
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Since the electrode potential of any given metal will vary with 
the concentration of the metal ions in solution, a voltaic cell may 
be constructed with half cells having tha same two electrodes but 

ifferent concentrations of the common ion around them. Such a 
cell is called a concentration cell. In the concentration cell shown 
in Fig, 5-6 a continuous flow of electrons will occur from the zinc 
in the 1M zinc ion solution to the zinc in the 2M zinc ion solution 
since electrode potential of the former is somewhat greater than 
that of the latter (p. 134). This will continue so long as a difference 
in zinc ion concentration in the two half cell remains. 


Fig. 5-6. A concentration cell. 


While theoretically possible, concentration cells are not in 
'common use, since the difference of potentials obtained is extremely 
small. The other type of voltaic cell in which two poles of different 
‘electrode potentials are used is more practical, and is the type of 
nearly all our modern cells. 


7. The Electrochemical Series 


When the elements are arranged in the order of their standard 
‘electrode potentials from the most positive to the most negative, we 
have the electrochemical series of elements (also called the electro- 
motive series of elements). Table 5-1 (given on the next page) gives 
the electrochemical series for some of the elements. In this series 
'each metal is less active than the one preceding it, The decreasing 
activity of the metals downward the series is due to the decreasing 
tendency of their atoms to lose electrons and exist as positive ions 
in solution. For example, iron has much stronger tendency to lose 
electrons than copper. Hence, iron passes into solution as positive 
ions more readily than does copper. That is, the reaction 

Fe — Fe3+ + 2e- 
‘occurs more readily and in preference over the reaction 
Cu — Cu** + 2e- 


Hence, (i) iron displaces hydrogen from acids while copper does 
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not, and (iż) iron displaces copper from solutions of its salts while 
copper does not similarly displace iron. 

In the electrochemical series— 

(1) The electropositive character, chemical reactivity, and the 
reducing power of the elements progressively diminish downward. 
Higher the standard electrode potential, stronger is the reducing 
agent. 

(2) All metals placed above hydrogen displace hydrogen from 
non-oxidizing acids. These metals readily lose electrons to H* ions 
from acids which are reduced to hydrogen (2H* + 2e- > He). 

Metals placed below hydrogen, e.g., copper do not lose 
FIRE to H+ ions and, therefore, do not liberate hydrogen from 
acids, 

; (3) Each element in the series will displace the elements below 
it from a solution of their salts. For example, zinc displaces copper 
from the solution of its salts, 

Zn + Cut* > Zn** 4- Cu 
Similarly, silver is displaced by copper, and gold by silver. 


(4) Metals such as zinc, magnesium, and aluminium provide 
sacrificial protection to iron against corrosion. Being above iron in 
the series they dissolve preferentially on exposure, transferring 
electrons to the iron in contact, The ionization of iron is thus 
prevented so long any one of these metal exists in contact with it. 


(5) The e.m.f, of any cell formed from two metal electrodes 
equals the algebraic diflerence between their electrode potentials, 
For the electromotive force to have a positive value, the smaller 


Table 5-1. Electrochemical series for some common elements 
Element Electrode reaction Electrode potential 
Reduced Oxidized (volts) 

form form NE 
Potassium A a a e + 2°92 
Calcium Ca æ Catt + 2e- + 2°76 
Sodium Na æ Nat + e -271 
Magnesium Mg = Me* + 2e + 2°34 
Aluminium Al = ABF + 3e7 + 067 
Zinc Zo x Zntt + 2e + 0°76 
Tron Fe = Fett + 2e7 + 044 
Tin Sn = Sn** + 27 + 014 
Lead Pb = Pb?* + 2e7 + 0°13 
Hydrogen By = 2Ht 62€ + 0°00 
Co; per Cu = Cutt + 207 — 034 
Silver Ag = Agr +e — 0°80 
Mercury Hg = Hg* + 2e7 — 0°85 
Platinum Pe = Ptt + 2e7 — 120 
Goid Au = Au* te — 1°68 
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potential is always subtracted from the larger, For instance, the 
e.m.f. of a Danie! cell consisting of copper and zinc electrodes in 
solutions of their respective ions is --0:76—(—0 34) — 10 volts. 


(6) The metals are discharged in the order of their electrode 
potentials during the electrolysis of aqueous solutions containing 
their ions, The metal with the lowest electrode potential will be 
discharged first since it has the weakest tendency to exist as 10n$ ID 
solution, and when all of its ions have been discharged as atoms, 
another metal higher up the series will begin to deposit. This 
selective discharge of ious is of great significance in the electrolytic 
refining of metals and in electroplating. 

(7) Owing to their great reactivity, metals near the top of 
the series do not occur free in nature. Those near the bottom of 
the series often occur free in nature. 


7-1. Predicting reactions. To predict if an oxidation-reduction 
reaction will take place or not, the two half-reactions are written 
and their potentials added, If the total potential, E^r, is positive, 
thereaction will go spontaneously; if it is negative, it will not 
(when E*; values are positive by only a few hundredths of a volt, 
the reaction may not occur). Consider the following exaroples 
"(all concentrations 1:00 M) : 


1, Mg + 2H* ^ Mgt + H»? 
Two half reactions are : 


Mg — Mg** + 2e- E,— 4-2:34 volt 
2H* + 2e- — Hi E,=0:0 volt 
Mg + 2H* > Mgt + Hy E?5— 24-2734 volt 


Er being positive, the reaction will go spontaneously as 
written. 


2. Mgt + Zn > Zn** + Mg? 
Two half reactions are : 


Mg" 2e —Mg ~ E,— —2:34 volt 
RES EDS LORS a Pe E, +0:76 volt 
Mg** + Zn -> Zn** + Mg E*;— —l58 volt 


Ex being negative, this reaction will not occur as written 
(the reverse reaction would since Er would be + 1°58 volt). 


It may be noted that even when positive E?; values are 
obtained, nothing can be predicted about the speed of a reaction. 
It may be that a predicted reaction proceeds so slowly that, in 
effect, there is no reaction. Certain other factors may also influence 
the reaction; for instance, with some metals. a protective coating 
of cxide may form on the surface and stop further reaction. 


" *Suppose the electrode potentials were given as reduction potentials, 
that is, with the reverse signs. Then, we would subtract —0°76 volt from +0°34 
volt, i.e., the e.m.f. =0°34—(—0°76)=1°10 volt. 
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Questions 


i. (a) Define ‘electrode potential’. 
(b) Describe in brief the various factors which affect the value of 
electrode potential. 
2. (a) What is meani by the standard electrode potential on the 
nydrogen scale ? 
(b) Why is it necessary to fix the concentration of ions and temperature 
in setting up standard electrode potentials. 
3. Describe how a standard hydrogen electrode is constructed? Does it 
a potential of 07000 volts ? Why has been this value assigned to it, then ? 
4. (a) What is conveyed by the cel! notation given below ? 


e- 


have 


Zn | Zn?*, 1M | H*, 1MI H2(Pt), 1 atm 
(b) Show by means of chemical equations the reactions that take place in 
the above cell. 
5. Explain why the standard electrode potential of zinc is given a 
positive sign and that of copper a negative sign. 
6. What are the basic requirements of a cell for a continuous flow of 
electrons to occur ? 
7. (a) Is it possible to build up a voltaic cell by using identical conduc- 
tors for both poles in the same solution ? 
(b) What is a concentration cell ? Explain the principle of its operation 
with the aid of an example. 
8. What is an electrochemical series ? List two important uses of the 
series, 
Key 
4. (a) This notation conveys the following information : 
(i) One half cell is zinc electrode dipping in a 1M solution of 
Zn%* ions. 
(i) The other half cell is a standard hydrogen electrode. 
(iii) Electrons flow from the zinc electrode to the hydrogen electrode. 
That is, the potential of zinc electrode is higher than that of the 
hydrogen electrode. As such zinc is the anode and hydrogen 
electrode the cathode. 3 
(b) Anode reaction : Zn Zo?^ + 2e 
Cathode reaction : 2H* + 26 > He 
6, Thetwo basic }requirements are: (1) the two electrodes must have 
different potentials, and (2) the circuit must be complete. 
7. (a) No; because both the poles will have the same electrode potential. 
(b) A concentration cell consists of two half cells with the same two 
poles but different concentrations of the common ion around the poles. The 
electrode potential of the metal will be somewhat greater in the dilute solution 
and therefore, electrons will flow from it to the electrode dipping in the more 
concentrated solution. The flow of electrons will continue so long as the 
inzquality ia the concentration of ions in the two half cells remains. 


Problems 
1. What is the e.m.f. of the cells composed of — 


(i) standard copper (—0°34 volt) and silver (—0'80 volt) electrodes, 


and 
(ii) standard chlorine (—1°06 volt) and bromine (—1:36 volt 


electrodes) ? 
[Ans. +0°46 volt; +0°30 volt ] 
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2. The electrode potentials for the following balf-reactions are : 
Mg = Mgt + 2e7 E0— -- 2:36 volts 
Al æ At + 3e7 Eo= + 1-66 volts 
Product if the rcaction 3Mg + 2AI* — 3 Mg** + 2AI will occur or not, and 


why. 
[Ans. Reaction will occur since E^ is positive, +0°70 volt] 


3. Can you expect the ferric ion, Fe5+, to oxidize the Br^ ion? The 
potential for the half reaction 2 Br~ «& Bra* + 2e" is —1'09 voits and for the 
half reaction Fe2+ s Fe8+ + e~ is —0°77 volt. 

[No; the value of E^, for the reaction 2Br~ + Fest — 
Bra + 2Fet* is negative, —0°32 volt.) 

4. Calculate the voltage, E^;, obtained when each of the foilowing 
standard half-cells is combined (assume appropriate electrolytes in each case): 
(a) hydrogen and iron (2) hydrogen and copper. Use table 5-1 for the value of 


electrode potentials. 
[Ans. (a) +0°44 voit, (b) —0°34 voit.] 


Chemical Kinetics and 
Chemical Equilibrium 


Chemical reactions take piace at vastly different rates. An 
explosion of dynamite that tears away the side of a hill cccurs 
within a fraction of a second, and reaction involving ions, e.g., 
neutralization of acids and bases, occur as fast as the solutions 
containing the reacting ions are mixed*. On the other hand, the 
oxidation of red phosphorus occurs so slowly at rcom tempera- 
ture that we may say that, for all practical purposes, there is no 
reaction at all. Rusting of iron, digestion of food, and hardening 
of cement are some examples of slow reactions in common 
experience. The branch of chemistry that deals with the rotes of 
chemical reactions is called chemical kinetics. 


The study of reaction rates has many practical applications, For 
example, before a certain chemical reaction is adopted by the 
industry it is important to find conditions that give the desired 
product at a reasonable speed in order to be economically 
feasible. It also gives an insight into the ‘mechanism’. of a 
reaction’, j.e., in what sequence of steps (one or more) does the 
reaction possibly takes place. 


1. Reaction Rate 


Reactions are often described as slow, moderate, fast, etc. 
Such expressions, however, give only a qualitative idea of reaction 
Jom For precision, the reaction rates are described quantita- 
tively, 


"*Fxamples of such reactions are : 
H+ + OH- —H:0 (neutralization) 
Agt + Cl —AgCl] [aopean] 
Bat + SO4*- — BaSO4 | reactions 
Recent measurements of the rates of such reactions show that they 


occur "rm ape measured in milli-seconds (110-8 sec.) and micro- 


[145.3 
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The rate or velocity of a chemical reaction is expressed in 
terms of the change in concentration of one of the reactants or pro- 
ducts per unit of the time. 

Consider the reaction between carbon monoxide gas, CO, 


and nitrogen dioxide, NOs, at 206°C. The products of the reaction 
dioxice, CO, and nitric oxide. NO, formed according to 


the equation 


CO + NO; + CO; + NO 


As the reaction proceeds, the reddish-brown colour of the gaseous 
mixture due to nitrogen dioxide progressively fades. Since the 
other gases are colourless, the reaction rate can be determined by 
measuring the change in colour during a certain time interval, 
This change will indicate the quantity of NO that has reacted 
during the time interval. Then, 

quantity NOs consumed 

time Interval 


=quantity NO, consumed per unit time 


Since substances react in equi- 
valent quantities, the rate of reaction 
can be specified by the change in 
concentration of any of the reactants 
or the products Thus, in the fore- 
going example, the rate of reaction 
can be equally well expressed in 
terms of the consumption (or decrease 
in concentration) of CO or in terms 
of the appearance (or increase in 
concentration) of either product, 
CO, or NO. Which is used depends 
upon convenience of measurement. ——> time 
If the progress of the reaction iS pi, 6-1. Variation i 
followed by measuring the production ms of peactast and. product 
of carbon dioxide, the reaction rate with time in a chemical reaction. 
would he expressed as follows : 


quantity COs produced 
time interval 


=quantity CO: produced per unit time. 


Reaction rate= 


——à» concentration 


Reaction rate— 


In measuring reaction rates concentrations are usually express- 
ed as the number of moles of a substance in one litre. For example, 
if the concentration of a substance X in a reaction at a certain 
moment of time was 24 moles per litre and a minute later became 
272 moles per litre, the rate of reaction equals 02 moles per minute. 
The time interval is expressed in whatever units fit the reaction : 
microseconds for the combustion of gasoline vapour mixed with 
air which is explosively rapid, seconds or minutes for the hydrolysis 
of an ester, and days for the rusting of iron. 
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2. Collision Theory of Reaction Rate 


2-1. Activation energy. According to the collision theory of 
reaction rates, the reacting particles—ions or molecules must collide 
with each other before they can combine and effect a chemical 
change. Reactions between ions are extremely rapid, This is 
because the electrical field around ions extends equally in all 
directions and, therefore, each collision of oppositely charged ions 
results in chemical reaction. Since the number of collisions is very 
great (of the order 10? times every second !), there is little delay in 
the reaction. The reactions involving covalently bonded molecules, 
by contrast, are very slow despite an equally high frequency of 
collisions, The reason is that not all collisions are effective. The 
only collisions that are effective are those in which the colliding 
molecules have sufficient energy to overcome the mutual repulsion 
of their electron clouds. The minimum amount of energy that the 
molecules must possess for the collision to result in a chemical 
reaction is called the activation energy, Es. When the molecules 
with less energy collide, they fly apart unchanged. When the mole- 
cules having the necessary activation energy collide, their atoms 
are rearranged to form an intermediate, temporary product, called 
the activated complex Since some energy is absorbed in the 
formation of an activated compiex, the complex necessarily con- 
tains more potential energy than the reactants. In an effective 
collision, the activated complex separates into products which 
have a new aud more stable arrangement of atoms involved. This 
is shown diagrammatically in Fig. 6-2 where the collision between 
the molecules A-A and B-B results in the formation of two A-B 


molecules. 


On ie fv 0 AD) 


i dedi: gem 
OOF Oso 
Colliding Activated Molecules 
molecules complex of products 


Fig. 6:2. Collision between high energy molecules A-A and B-B in proper 
orientation results in the formation of the activation complex which breaks up 
to yield the new A-B molecules. The dotted lines in the activated complex 
represent some sort of loose bonding in the molecular cluster of A-A and B-B. 


In an exothermic reaction, e.g., the 


-2. barrier. 
crates AM pobre the combination of sulphur 


combination of hydrogen and oxygen, 
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dioxide and oxygen, etc., the energy of the products is less than 
the energy of the reactants. Therefore, energy is evolved when 
an exothermic reaction occurs. Even so, an exothermic reaction 
will not occur spontaneously. There is an energy barrier that must 
be overcome before reaction can take place (Fig. 6-3). Thus, 
activation energy may be regarded as the energy needed to over 
come the energy barrier, This explains why a mixture of hydro- 
gen and oxygen can stand in a container for years without a 
detectable reaction. Ifthe mixture is ignited with a lighted taper, 
an explosion occurs as,the reaction proceeds very rapidly. The 
lighted taper provides the energy to overcome the energy barrier. 


activated complex 


Ctivatéd complex activation energy 
a l^ (energy barrier). 
activation energy 


(energy barrier) 


energy released 
(exothermic) nergy absorbed: 


(endeshermic) 


potential energy—» 
potential energy —> 


C+D 


reaction progresses —» reaction progres — 


Fig. 6-3. Potential énergy diagram for Fig. 6-4. Potential energy diagram 

the exothermic reaction A+B->C+D+ for the endothermic reaction A + B— 

energy. Note that on this graph the C+D — energy. Note that on tbis 

‘total potential energy of tbe (C+D) is graph the total potential energy of 

lower than that of the reactants (A+B), the products (C+D) is higher than 
that of the reactants (A+B). 


The concept of energy barrier holds equally good for endo- 
thermic reactions (Fig. 6-4), However, in.case of an exothermic 
reaction sufficient energy is liberated to raise the energy of the 
‘unreacted molecules aboye the energy barrier; so, the reaction is 
self-sustaining and proceeds very rapidly. In endothermic reaction, 
no energy is released; consequently energy must be supplied 
continuously if the reaction is to proceed without cooling down. 


2-3. Orientation of collision. The reacting molecules must not only 
collide with sufficient energy but must have the proper orientation if the 
reaction is to occur. This is just like the damage suffered by two colliding cars 
depends not only on their speeds (energy) but also on their directions or 
orientation. If the molecules collide in poor orientation, they simply bounce 
away from each other unchanged. Consider for example, the reaction between 
carbon dioxide and water. The water molecule is strongly dipolar. The carbon 
dioxide molecule as a whole is nonpolar, but its two carbon-oxygen bonds are 
polar. The effective collisions between these two molecules are those in which 
water’s oxygeg atom (negative) bumps into the carbon atom (positive) in 
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carbon dioxide. Such collisions result in the formation of HsCOs molecules 
which may further dissociate intoHCOs- and H+ ions. 


No reaction occurs as a result of collisions between molecules oriented such 
that one of water's positive hydrogen atom approaches one of carbon dioxide's 
oxygen atom. 


-3 488 43 8 
0-C20-—- H-0. 2 —-» No reaction 


"The proper orientation for effective collisions depends on the shapes of the 
aie at the bond angles in them, and the polarity of the bonds that have to 
roken. 


3. Factors that Control Reaction Rates 


Among all factors that control reaction rates, the one of 
fundamental importance is the nature of reactants. This is a factor 
that cannot be controlled, however, and thus is generally not 
considered as one of the factors that control reaction rates, The 
nature of reactants determines the amount of activation energy 
required for the reaction to occur and, therefore, the rate of 
reaction, For example, both nitric oxide and carbon monoxide 
‘combine with oxygen to form respective higher oxides. The reaction 
occurs at a moderate rate in the case of nitric oxide but so slowly 
in the case of carbon monoxide that no reaction appears to occur 
at all. 


2NO + Os > 2NO, moderate at 20°C 
2CO + Os + 2CO, extremely slow at 20°C 


In general, reactions in which covalent bonds are broken tend 
to be slow due to a high activation energy; reactions of ions are 
usually very fast as they have an attraction for each other and, 
therefore, do not need additional energy to cause them to react. 


The most frequently encountered rate-controlling factors are 
(D concentration of reactants, (i/) particle size, (iil) temperature, 
and (iv) the presence of a catalyst. These factors may be consi- 
dered in relation to the collision theory and the potential energy 
curve, 


*Theoretically, it is conceivable that this type of collision will result in 
the formation of an OCOH* ion and OH- ion. However, we find that COs 
and HzO form a solution containing H+ ion, Obviously, then, this collision 
does not result in a chemical reaction. 


*» 
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3-1. Effect of concentration on reaction rate. The frequency 
of collision between reacting molecules primarily depends upon the 
number of molecules present in a given volume. As the concentra- 
tion, j.e., the number of molecules per unit volume, of all or any 
of the reacting substance is increased, there are more collisions 
per unit of time, As a result, the reaction rate is increased. Thus, 
Substances such as iron and carbon, burn at a faster rate in pure 
oxygen than they do in air in which the concentration of oxygen 
molecules is only one-fifth as much as in pure oxygen. A chip of 
marble will dissolve faster in 2M hydrochloric acid than in 1M 
hydrochloric acid. 


$ Experiment 1. Preparcs a 0'3M solution of sodium tbiosulphate. Dilute 
it separately with half the volume of water and twice the volume of water to 
obtain 02M and 0'1 M solutions respectively. Also prepare a solution of 
hydrochloric acid of 2M concentration. 


. .. Using a burette, measure out 45 ml of 0'3 M. sodium thiosulphate solu- 
tion into a clean beaker. Add to this solution 5 ml of 2M hydrochloric acid 
with the help of a pipette, simultaneously starting the stop watch. Swirl the 
beaker once or twice to ensure thorough mixing of solutions, and place it over a 
piece of paper with a heavy black dot marked on it. Looking down vertically 
onto the beaker, note the fime at which the black dot on the paper just 
disappears. 


k Repeat the experiment using the 0'2 M and 0'1 M solutions of sodium 
thiosulphate, You will find that the time decreases as the concentration is 
increased. (You can design a similar experiment using different concentrations 
of hydrochloric acid). 

_ In the reaction between a solution of sodium thiosulphate and hydro- 
chloric acid, the insoiuble sulphur is precipitated in the from of slime, 


Nas8203-- 2HCI > 2NaCI + H20 4 SO: * S 4} 
The precipitated sulphur causes the reaction mixture to become opaque. When 
this happens up to a certain level, the black dot cannot be seen through the 
mixture. 
The results of this experiment show that the reaction rate (i.e., the rate 


of formation of sulphur) increases as the concentration of thiosulpbate is 
increased. 


In considering the effect of concentration upon reaction 
rates, the concentrations are expressed in moles per litre. This is 
because a mole of any molecular substance consists of the same 
number of molecules and, therefore, the concentration of a subs- 
tance expressed in moles per litre is a direct measure of the number 
of molecules per unit space. 


The rate of any reaction progressively diminishes in time, 
since the reacting substances are gradually used up and their 
concentrations become lower and lower. Therefore, the velocity of 
a reaction refers to the velocity at a given moment. 


3-2. Effect of particle size on reaction rate. A reaction bet- 
ween a solid and another substance can occur only on the surface 
of the particles of the solid where the reacting molecules collide, 
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whether the other substance be solid, liquid, cr gas. Consequently, 
the greater the surface area of the solid, the faster the reaction 
rate. Therefore, subdivision of the same quantity of a solid into 
smaller particles with larger total surface area results in faster 
reaction.* Thus, finely divided zinc reacts faster with acids than 
does coarse zinc, and finely powdered lead inflames spontaneously 
in air while a lump of lead metal remains unaffected. Similarly, 
large lumps of coal burn slowly, smaller pieces more rapidly, 
and powdered coal may burn.at an explosive rate when ignited. 
The limit of subdivision is reached when the reacting substances 
are in the gaseous state or in solution as molecules or ions. This 
explains why reactions often occur more rapidly is gases or 
in solution. 


In the reaction of a solid and a liquid, the reaction rate is 
often accelerated through shaking, mixing, or stirring whereby 
fresh portions of the reacting substances are brought into the 
reaction region, 


1 Experiment 2. Weigh a piece of marble (about 2 g). Separately weigh 
identical quantities of coarsely powdered marble and finely powdered marble. 


Place the piece of marble in a conical flask. Cover it with 50 ml of 
2N-hydrochioric acid, simultaneously starting the stop watch. Swirl the liquid 
Once every minute. Note the time it takes the marble piece to completely 
dissolve in the acid. * 


Repeat the experiment separately with the coarsely powdered marble and 
the finely powdered marble. 


, , The reaction proceeds much faster when the marble particles are smaller 
in size. 

3-3. Effect of temperature on reaction rate. Any rise in 
temperature increases the reaction rate. The reaction between 
hydrogen and oxygen takes place so slowly at ordinary tempera- 
tures that it does not seem to take place at all, but when a mixture 
of the gases is heated to 500°C, the reaction to from steam proceeds 
ata measurable rate. If the mixture is ignited, the reaction takes 
place explosively. 


.. There are two reasons why a reaction would go faster at 
higher temperatures. First, temperature is a measure of the average 
kinetic energy of the particles in'the reaction mixture. A rise in 
temperature increases the velocity of the particles and thereby the 
frequency of collisions between them. The increased frequency of 
Collisions causes the rate of reaction to increase. Second and far 
more important reason, however, is that at the higher temperature 
4 greater number of particles acquire the activation energy necess- 
ary for effective collisions. This point can be made clear by 
eclesia de Ba 

"The greater is the extent of subdivision, the greater is tbe increase in 
the total surface area ofthe resulting particles. Imagine a cube of marble of 
Volume 1 cm8, Each of its square face has an area of 1 cm?; so, the total surface 
area of the cube is 6 cm2, If this cube is broken into 1000 cubes, each of volume 
1 mm, the total surface area exposed for the collision of reactant molecules 
Would be 1000 x 6 mm? = 6000 mm? — 60 cm?, i.e., sixty times the original area. 


152 1.S.C. CHEMISTRY VOL. II 


considering. Fig. 6-5 which shows the distribution of kinetic energies 
among the molecules of a gas at two different temperatures, T°C 
and (T+10)°C. If E represents the activation energy of a parti- 
cular reaction, there are nearly twice as many molecules (a versus 
b) having this energy at temperature (T+ 10)°C than at T°C.* 
As a general approximation, the reaction rate roughly doubles 
for each 10°C rise in temperature, 


traction of molecules 
with energy E 


kinetic energy —> 


Fig. 6-5. Distribution of energy among the molecules of a gas at 
two different temperatures. 


Experiment 3. Measure out 4 ml of 0'25 M sodium thiosulphate solution 
from a burette into each of tbree clean test tubes numbered 1,2, and 3, and 
measure out 4 ml of 025 M hydrochloric acid into each of three other test 
tubes numbered 1a, 2a, and 3a. Place all the test tubes in a beaker nearly half 
filled with water. Five minutes later, after measuring the temperature of the 
water (let it be °C), pour the solution in test tube 1 into test tube la, 
simultaneously starting the stop watch Shake the mixed solution once or 
twice and note the time it takes to turn opaque. 

Heat the beaker with tbe test tubes to (T +10)°C and repeat the experi- 
ment, this time with test tubes 2and 2a. Then carry out similar experiment 
with the test tubes 3 and 3a after raising the temperature by another 10°, 

_ Note that the time decreases as the temperature is increased, that is, the 
reaction rate is increased at higher temperatures. By taking more sets of the 
two solutions you can show the effect of temperature on reaction rate by 
means of a graph, plotting the temperature as abcissa against time. 


3-4, Effect of catalyst on reaction rate. A catalyst is a 
substance which, when added to the reacting substances, alters the 
reaction rate without being consumed. The phenomenon of the 
reaction rate being changed by a catalyst is called catalysis. 
Generally, a catalyst is used to speed a reaction, e.g., platinum is 


*This argument is meaningful only for a slow reaction in which E is well 
out on the tail of the curve, i.e., only a small fraction of molecules possess the 
energy of activation. Suppose E is near the peak of the curve or is even to the 
left it. This means that a large fraction of molecules already have tbe requi- 
site energy so that most of tbe collisions are effective even at a lower tempera- 
ture, The reaction, therefore. proceeds extremely rapidly and is said to be 
instantaneous, 
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used as catalyst to increase the rate of combination of sulphur 


Pt 
dioxide and oxygen to sulphur trioxide : SO, (g) 3-Os (g)>SO(g). 
This is an example of positive catalysis and the catalyst is called a 
Positive catalyst. In certain cases, a catalyst slows down a reaction. 
For example, if a little alcohol is added to sodium sulphite solution, 
its air oxidation to sodium sulphate is greatly retarded. A catalyst 
of this type is called negative catalyst and its action is termed 
negative catalysis. 


According to the number of phases in the system, two. kinds 


of catalysis are usually distinguished : homogeneous catalysis and 
heterogeneous catalysis. 


In homogeneous catalysis the reactants and catalyst constitute 
a one phase system, such as a gaseous mixture or a liquid solution. 
Two examples of homogeneovs catalysis are : 


, 1. Combination of sulphur dioxide and oxygen in the presence 
of nitric oxide (gas-phase homogeneous catalysis). : 


2S0, + O: + (NO) > 280; + (NO)* 


2. Hydrolysis of an ester in the presence of hydrogen ions, 
1.e., an acid (solution-phase homogeneous catalysis), 


R.COOR' + H,O + (H+) —— R.COOH + R'OH + (H+) 
ester acid alcohol 
In homogeneous catalysis the catalyst reacts with one of the 
reactants to form an intermediate substance which then reacts with 
the other reactant to give the product and regenerate the catalyst. 
Thus, in the presence of catalyst K the reaction A--B—-AB pro- 
ceeds in two steps : 
A + K — AK (unstable intermediate compound) 
AK -B—AB-*K (regeneration of catalyst) 
A +B + (K) > AB + (K) 


Each one of the two reactions in this scheme has a lower energy of 
activation than the uncatalyzed reaction and is, therefore, much 
faster. 


The action of nitric oxide in increasing the rate of formation 
of sulphuric acid from sulphur dioxide, oxygen, and water may be 
described by the following equations for intermediate reactions : 


Oz + 2NO > 2NO2 (intermediate compound) 
2SOz + 2H20 + 2NOs — 2H2S014.NO (intermediate compound) 
2H3804.NO — 2H2SO4 + 2NO 
2S0, + O: + 2H3O + (2NO) > 2HSO, + (2NO) 


Catalysts which act in the manner of nitric oxide in this 
reaction are called ‘carrier catalysts’ (note that nitric oxide ‘carries’ 
oxygen to sulphur dioxide for its oxidation), 


*The inclusion of (NO) on both sides of the equation shows that the 
catalyst is not used up iu the reaction. 


* 
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In homogeneous catalysis the rate of reaction is practically 
proportional to the amount of the catalyst. 


In heterogeneous catalysis the reactants and the catalyst from 
a two-phase system. Some examples are : 


1. Combination of nitrogen and hydrogen (both gases) in 
the presence of finely divided iron catalyst (solid phase). 
Na + 3H; + (Fe) > 2NHs + (Fe) 


2. Hydrogenation of oils (liquid) in the presence of finely 
divided nickel (solid). 


Vegetable oils + Hz + (Ni) > Vegetable ghee + (Ni) 


3. Combination of sulphur dioxide and oxygen (both gases) 
in the presence of finely divided platinum or vanadium pentoxide 
(solid) 

2S0, + Og + (Pt) > 250s + (Pt) 


The catalysts used in heterogeneous catalysis are usually 
surface active solids, and are called ‘contact catalysts’. Contact 
catalysts act by furnishing a surface at which the reacting molecules 
are absorbed, Adsorption of molecules on the catalyst surface 
reduces the energy necessary for activation so that more collisions 
are effective, Further, the increased concentration resulting from 
adsorption leads to more collisions per unit time, thus increasing 
the velocity of the reaction. The reaction products keep escaping 
from the catalyst surface making place for other reacting mole- 
cules, Thus, in heterogeneous catalysis relatively large amounts of 
Teactants may react in the presence of small amounts of the 
catalyst and the extent of catalytic action depends on the area of 
the catalyst surface. 


normal reaction 


activation energy th 
pathway 


without catalyst 


alternate reaction 
Pathway 


activation energy 
with catalyst 


energy —» 


reactants 


Products 


reaction coordinate 


Fig. 6-6, The role of a catalyst in providing a reaction pathway 
of lower activation energy. 
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From the foregoing discussion, it is clear that the action of 
acatalyst can be explained in terms of the activotion energy. The 
catalyst offers «the reacting molecules an alternative pathway of 
lower activation energy (Fig 6-6).* The lower the activation 
energy, the larger the proportion of reacting particles having the 
necessary energy and hence the faster the reaction. 


A negative catalyst decreases the reaction rate by increasing 
the activation energy, It may also function by either removing the 
active intermediate products or by destroying some substance 
present in the reacting substance and acting as a positive catalyst, 

Experiment 4. Pour 10 ml of 20 volume hydrogen peroxide in to each 
of four test tubes in a rack. Compare the effect of adding the following subs- 
tances to the hydrogen peroxide in different test tubes by noting the rate at 
which bubb!es of oxygen produced by ine decomposition of hydrogen peroxide 
are evolved (2H202 > 2Hs0 O21) : 

1. 2M NaOH (5 drops) 

2. 2M HCI (5 drops) 

3, manganese dioxide (about 0'1 gram) 

4. aluminium powder (about 0'1 gram) 

Note that all substances, except 2M HCI, speed up the decomposition of 
hydrogen peroxide. Confirm that the evolved gas is oxygen by testing with a 
glowing splint. 


4. The Law of Mass Action 


The quantitative relationship between reaction rate and 
concentration is expressed by the generalization referred to as the 
law of mass action. It was established experimentally by two 
Norwegian scientists, Guldberg and Waage, in 1867. The simplest 
form of the law is as follows : 


All other factors being equal, the rate of a chemical reaction 
is directly proportional to the product of the concentrations of the 
reacting substances. 


The concentrations are expressed in moles per litre. For 
gaseous substances the concentration can also be expressed in 
terms of their partial pressures in the reaction mixture. This is 
because the concentration of all gaseous components can be raised 
Simultaneously by raising the pressure when the volume is 
decreased or lowered by lowering the pressure when the volume is 
Increased by expansion. £ 


For a reaction of the type AB+C such as PCl;-»PCls-- Cls, 
the rate of reaction, R, will be directly proportional to the concen- 
tration of A, denoted as [A].** That is 

Re<[A] or, R=kx[A] 

*In fact, the alternative pathway provided by the catalyst may involve 
Several stages each of which has a lowei 2nergy of activation than the uncataly- 
Zed reaction and is, therefore, relatively faster. 

In such symbols, the brackets mean ‘molar concentration of’, for 

example, [PCI] means ‘molar concentration of PCI5'. 
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where k is a proportionality factor, called the rate constant. The 
value of & is equal to the rate of reaction when the molar concen- 
tration of the reactant A is 1. When the concentration of A is 
doubled, the rate of reaction is also doubled as there are now twice 


as many molecules undergoing decomposition per unit volume per 
unit time, 


For a reaction of the type A+B~>C, such as H,+1:—2HI, 
the expression for the reaction rate is, 


R—k x[A] x [B] 
When [A]=1 and [B] --1, 
R=k 


Thus the rate constant k. numerically equals the reaction rate 
when the molar concentrations of the reactants (or their products) 
equal unity. 


4-1. The case of coefficients. If the equation for a reaction 
involves coefficients greater than 1 for the reacting molecules, the 
Coefficients become exponents in the expression for the reaction 
rate. Thus, if a reaction proceeds as follows 


2A + B — A.B 


the reaction rate, according to the law of mass action, will be 
Proportional to the product of AXAXB as though the equation 
were written as 


A + A + B —> AB 
In such a case the concentration of A must appear twice in the rate 
equation : 
R =k x [A] x [A] x [B] 
=k X [A]* x [B] 


In the general case, when m molecules of A react with n molecules 
of B, i.e., for the reaction represented by the equation 


mA + nB >C 
, the rate of reaction is expressed by the equation : 
Re=k x (A]" x [B]" 


The value of k, the rate constant, is different for different 
reactions, For any given reaction, the value of k remains the 
same so long as the temperature of the system does not change, 
and characterizes the influence of the nature of the reactants on the 
rate of the reaction between them. If the temperature is raised, 
the reaction rate becomes greater and the value of k increases 
substantially. 


4-2. The case of solid reactants. The conclusions concer- 
ning the influence of the concentrations of the reactants upon 
reaction rate do not apply to the reactants in the solid state. Since 
solid substances react only at their surface, the rate of reaction in 
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the case of a solid substance depends on its surface area and not 
upon its bulk concentration. Therefore, if in a reaction solid subs- 
tances are taking part along with gases and dissolved solids, the 
reaction rate depends only on the concentrations of the gaseous or 
dissolved substances, provided the state of subdivision of the 
solid remains the same. Thus, the rate of reaction of the combus- 
tion of coal 


C4-0; ^ CO, 


is proportional only to the concentration of oxygen. That is, for 
this reaction 


R=k[Og) 


4-3. Explanation of the law of mass action on the basis 
of the collision theory. Why is it that the reaction rate is governed 
by the product of the concentrations of the reacting substances 
and not by the sum of their concentrations ? The answer to this 
puzzling question is provided by the collision theory of reaction 
rate. According to this theory the reaction rate is determined by 
the number of effective collisions between the molecules of reac- 
tants, say A and B; per unit time. Now, suppose that each square 
in Fig. 6-7 represents a container of one unit volume, and that 
each white circle represents 1 molecule of the reactant A, and each 
black circle 1 molecule of reactant B. For the reaction to occur, 
it will be necessary for one molecule of A to collide with one mole- 
cule of B. If all other factors affecting reaction rate such as tem- 
perature, speed of molecules, etc. are equal, the chances for 
collision will be Riven by the numerical product of the number of 
A molecules and the number of B molecules in each container. 
This may be shown by drawing lines for all possible A and B 


collisions, 


Number of 

molecules of A = 1 1 2 2 3 
Number of 

molecules of B = 1 2 2 3 3 
Chances for N [K] 
collision at r 

any instant= Ixl=1 1x222 2x2=4 2x3=6 3x3=9 


Fig. 6-7. The chances for collisions are equal to the numerical product of the 
number of A molecules and the number of B molecules in a given volume. 


Since the number of effective collisions is a constant fraction 
of the total number of collisions, the reaction rate is directly pro- 
portional to the molar concentrations of the reacting substances. 
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5. Irreversible and Reversible Reactions 


5-1. Irreversible reactions. In many chemical reactions the 
initial substances are transformed entirely into the reaction 
products. Such reactions are said to go to completion, For example, 
when potassium chlorate is heated it changes entirely into potassium 


chloride and oxygen 


A 
2KCIO; —— 2KCI + 30.1 


The reverse reaction, f.e., the combination of potassium chloride 
and oxgyen to form potassium chlorate does not occur under any 
conditions kaown to us. A chemical reaction which proceeds to 
completion, and in which the resulting products do not react to 
form the original substances is called an irreversible reaction. 
Reactions in which a gas is given off, or an isoluble solid is formed, 
or in which water is one of the products, are irreversible reactions 
and go to completion. A few examples of such reactions are ; 


4 
NaCl + HSO, — NaHSO, + HCI 4 
AgNO; + NaCl — NaNO; + AgCI | 
Fe + CuSO, — FeSO; + Cu, 
NaOH + HCI — NaCl + H,O 
5-2. Reversible reactions. Such reactions in which the 
products, once formed, react under the same conditions to form the 
original substances are called reversible reactions. For example, 
when water vapour (steam) is passed over heated iron, magnetic 
oxide of iron (FegO,) and hydrogen result, 
3Fe + 4H,O — Fes0, + 4Ha 
However, hydrogen reacts with the magnetic oxide at the same 
temperature forming iron and steam, This reaction is expressed by 
the same equation, read from left to right : 
FeO, + 4Ha > 3Fe + 4H,O 
The reaction between iron and steam is therefore a reversible 
reaction. Usually, a single equation is used to represent both, the 
reactions that constitute a reversible reaction. For example, the 
following equation represents both reactions described above : 


3Fe + 4H,0 |} Fes0, + 4H; 


Conventionally, the reaction proceeding from left to right in 
the chemical equation is called the forward reaction and the 
opposite reaction is called the reverse, or back reaction. 


Some more examples of reversible reactions are 
(i) N20,  2NO: 

qii) Ns + 3Hs = 2NHs 

(iil) 2S0; + Os & 280s 
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(tv) CaCO; = CaO +CO; (in a closed vessel) 
(v) CH&.COOH + CiH;OH = CH3COO.C;H; + H;O 
acetic acid ethyl alcohol ethyl acetate water 


Unlike an irreversible reaction, a reversible reaction cannot 
go to completion in a closed system. That is, even though the 
reactants are taken in equivalent quantities, they are never used up 
completely to form the reaction products. However, if any one of. 
the products is removed from the sphere of reaction as fast as it 
forms, a reversible reaction can go to completion. In lime kilns, 
limestone completely decomposes to yield calcium oxide and 
carbon dioxide as the latter continually leaves the reacting system. 


CaCO + CaO + CO, 1 


The reversible reaction 3Fe + 4H,O = Feg0, -+ 4H, can go to 
completion in the forward direction if the hydrogen is swept out of 
the reaction tube by the steam. On. the other hand, the reverse 
reaction can go to completion if steam is swept out by the current 
of hydrogen, 


6. Chemical Equilibrium—a Dynamic Steady State 


For any reversible reaction in a closed system, an equilibrium 
is eventually established in which the rate of forward reaction is 
equal to the rate of the reverse reaction. Suppose a reversible 
reaction represented by the equation 

A+Bec+D 
is allowed to take placed at a particular.temperature by placing 
A and B in a closed vessel, The rate of the forward reaction 
(A + B >C + D) will be initially proportionally to the molar con- 
centrations of A and B. As more of the two reactants (A and B) 
are transformed. into the products (C and D), the rate of the forward 
reaction decreases due to the decreasing concentrations of the 
reactants. The molecules of the products C and D formed will 
react to give A and B (C + D > A +B) at a rate proportional 
to the molecular concentrations of C-- D which will, at first, be very 


A+B=C4+0 
chemical equifibrium 


reaction rate —> 


time —> 


Fig. 6-8. Chemical equilibrium is reached when the rate of the forward 
reaction is equal to the rate of the reverse reaction. 


160 LSC. CHEMISTRY VOL. JI 


low. As more of C and D will form in the forward reaction, how- 
ever, the rate of the backward reaction will gradually increase, 
Eventually the two reactions reach a point where the rate at which 
A and B are reacting to form C and D is equal to the rate at which 
Cand D are reacting to form A and B. This is the condition of 
equilibrium in which there is no change in reaction rate with time 
for either the forward reaction or the reverse reaction (Fig. 6-8). 
As a result, the concentrations of all the substances (A,B,C, and 
D) will remain unchanged. It must be kept in mind, however, that. 
this is a dynamic state since the two reactions have not stopped. 
but are continually taking place at an equal rate. There is no net 
change in the concentrations of various substances because each. 
one is being formed as fast in one reaction as it is being used up. 
in the opposite reaction. 


6-1. Features of chemical equilibrium. The main features 
are: 


1. Chemical equilibrium is reached when two opposite 
reactions proceed at exactly the same rate so that the concentra- 
tions of the substances in the reaction mixture remains unchanged. 
It is therefore a dynamic steady state.* 


*The dynamic steady state can be compared with the equilibrium of 
water in a reservoir which is being simultaneously filled and discharged. If the 
rate of water flowing in equals the rate of water flowing out (Fig 6-9), the 
quantity of water in the reservior will remain unchanged like the quantities of 
substances in the reaction mixture when chemical equilibrium is attained. A 
reservoir in which water is neither entering nor flowing out does not represent 
a dynamic steady state although the quantity of water remains constant; it is 
simply a steady state but equilibrium does not exist (Fig. 6-10). 


Fig. 6-9. Dynamic steady s'ate Fig. 6-10. Static steady state. 
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2. The same equilibrium can be attained from either side. 
Suppose, we start the reaction A + B= C + D with] mole each 
of A and B, and when the equilibrium is attained at T°C the system 
contains 0°6 mole each of A and B, and 0:4 mole each of C and D, 
If we start with 1 mole each of C and D, the equilibrium at T°C 
will have the same composition : 0'6 mole each of A and B, and 
0 4 mole each of C and D. 


3. A chemical equilibrium, once established between any 
given substances, will last indefinitely if the conditions remain 
unchanged. 


4. The equilibrium concentrations change with changes in 
conditions such as the temperature but spontaneously go back to 
the original level when the disturbing factors are removed. 


5. Equilibrium can be attained only in a ‘closed system’— 
a system containing a constant amount of matter with all of this 
matter at the same temperature. 


7. Equilibrium Constants 


Consider a reversible reaction expressed by the general 
equation : 


mA + nB xC + yD 


where A and B are two substances which react to form two new 
substances C and D, and that C and D react under the same condi- 
tions forming the original substances A and B. Let us assume 
that the concentations of these four substances, respectively, are 
[A], [B], [C], and [D], and that the temperature remains constant 
throughout. Then, applying the law of mass action (the reaction 
Tate is proportional to the product of the concentrations of the 
reacting substances). 


rate of the forward reaction, R; = kı . [A] . [B]^ 
rate of the backward reaction, Ra = ka . [C] , [D]v 


where k;, and kz are the rate constants of the forward and back- 
ward reactions respectively. 


When equilibrium is established the rates of both reactions 
become equal, i.e., R; = Ra. 


That is, kı .[A]" . [B] = ke . [C]* . (Dv 

[C]? . [D ka 

[A]" .[Bi^ 5 

Because k; and ke are constant, the ratio kılks'is also constant, and 
the expression may be written 


[Ce [DP _ 
(Al. [B —Ke 


or, 
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The constant K, is called the equilibrium constant. It may be 
defined as the ratio of the product of the molar concentrations of 
the products to the product of the molar concentrations of the 
reactants in the state of chemical equilibrium. Itis a value specific 
for each reaction and does not depend on the concentration. How- 
ever, since it is given by the ratio of two reaction rates kı and ks, 
and these usually alter to a different degree when temperature 
is varied, K, varies with temperature. Ata given temperature K, 
remains constant. 


In deriving the equilibrium constant, it is required by conven- 
tion to have the product of the concentrations of the products as 
the numerator, If, the product of the concentrations of reactants 
is taken as the numerator, we shall still obtain a constant. But, ii 
would not be the equilibrium constant; it would be the reciprocal 
of it. Thus, for the reaction A + B «&& C + D, the expression 


TA] [B] 
[C] (D) : 


represents the reciprocal of the equilibrium constant, I.e, K, 


7-1. Equilibrium constants in terms of partial pressures. For 
equilibrium reactions involving gases, the equilibrium contants can 
also be written in terms of the partial pressures of the gases rather 
than as molar, concentrations. The equilibrium constant in terms 
of partial pressures is derived as Kp. For example, for the equili- 
brium reaction between nitrogen gas and hydrogen gas forming 
ammonia, 


Na(g) + 3Hy(g) e 2NHs(g) 
the equilibrium constant can be written as either 
—. [NH3]: 

[Ne] [Hz 


where P represents partial pressure. 


Pyn _ 


Ke Ps, Pr? 


or, K= 


7-2. Units of equilibrium constants. Equilibrium constants 
may or may not have units. For reactions in which the total 
number of moles of reactants is equal to the total number of 
moles of products, K, or Kp bas no units. Thus, in the reaction 


Hs(g) + la(g) = 2HI1(g) 
kK, would a pure number, i.e., without units, since 
SIBI SF (mol//)* 
[He] [Ie] ^ (mol//) (mol//) 
Likewise, Kp will also be dimensionless and a pure number. 


In reactions in which there is a change in the number of 
moles, equilibrium constant wil! have units—K, will have units 


K, 
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pertaining to, concentration and Ky will have units pertaining to 
pressure. Thus, for the equilibrium 


Na(g) + 3Hs(g) = 2NHs(8) 


EVA 
K= TN (Hs 


(mol/7)* 
(mol//) (mor//)* 


The units of Ky for this reaction will be atmospheres"* or atm ^. 


"Therefore, units of Ko= or /* mol™. 


7-3. Homogeneous and heterogeneous equilibria. If all reac- 


‘tants and products form a homogeneous system consisting of a ` 


single phase, the equilibrium is said to be a homogeneous equili- 
\brium. Such reactions take place in gas mixtures or liquid solutions. 
For example, the reaction of nitrogen gas and hydrogen gas in 
equilibrium with ammonia gas, or the hydrolysis of ester in which 
the ester, water containing H* ions, and the resulting acid and 
alcohol are all miscible liquids are examples of homogeneous 
-equilibria, £ 


On the other hand, if one or more of the reactants or products 


be in a different phase than the other species, the equilibrium is , 


said to be a heterogeneous equilibrium. Examples of heterogeneous 
equilibria are furnished by the following examples : 
3Fe(s) + 4HyO(g) = FesO,(g) + 4Hs(g) 
CaCO,(s) = CaO(s) + COs(g) 


In heterogeneous ‘equilibria, the solids are not included in the 
„equilibrium constant expression. The reason is that in the hetero- 
.geneous system gas-solid-the molecules of the gas can collide with 
the molecules of the solid only at the interface; hence, the concen- 
tration of the solid as a whole has no effect on the reaction rate, 
“Thus, for the reaction between heated carbon and carbon dioxide 


C(s) + COs(g) = 2CO(g) 


‘the equilibrium constant Kool 


The equilibrium state of this reaction is not affected by an 
increase or decrease in the quantity of coal; it can be disturbed 
.only by changing the concentration of carbon dioxide or carbon 
monoxide, i 


For the reactions 


S(s) + Ox(g) > SOx(g) 
-and, CaCOs(s) = CaO(g) + COx(g) 
the equilibrium constants are 


K, 180s) and K-=[COs] respectively 
[Os] 
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7-4. Determination of equilibrium constants. The value for 
a particular equilibrium constant can be determined by measuring 
the concentrations of all reactants and products at equilibrium, at 
a given temperature. As one example, examine the reversible 
reaction 


N,(g) + 3Hs(g) = 2NHs(g) 


For a given mixture of Ns, Hs, and NH; at 300°C and 300 atm. 
pressure, it was found by analysis at equilibrium that there are 
03 mole Na, 0:9 mole Hs, and 1:4 moles NHs per unit volume. 
Substituting these values in the equilibrium constant expression for 
this system, 


— [NH]? UU Rer oy E 
K. TNd (Hale — (0:3) (0:9) 9'0 approximately 
Hence, the equilibrium constant for the system under specified 
conditions has the value 9'0, If we start with just NH, at any 
molar concentration, or with any mixture of Ns and Hs, or with 
any mixture of Na, Hs, and NHs and let the system remain at 300°C 
and 300 atm pressure until equilibrium is attained, the molar 
concentrations of the three substances will be such that the quotient 
[NHs]*/[Ns] [He]? will be equal to 9:0. 


7-5. Significance of equilibrium constant. The value of 
equilibrium constant has a twofold significance : 


l. The value of K, is a measure of the extent to which the 
reversible reaction has proceeded at equilibrium, The larger the 
value of the equilibrium constant, the greater is tbc extent to which 
the forward reaction takes place and. therefore, the greater the 
concentration of the products at equilibrium, A small equilibrium 
constant would likewise indicate that the forward reaction takes 
place only to a small extent and therefore only a small amount of 
the products is being formed at equilibrium, 


2 Knowing the value of the equilibrium constant and the initial 
concentrations of the reacting substances, the concentrations of 
various substances at equilibrium can be easily calculated. This 1$ 
illustrated in the example 4 given on page 176. 


8. Shift of Equilibrium 


The equilibrium constant for a given reaction at equilittium 
must remain constant at a given temperature. Therefore, if any 
change in conditions causes a change in the concentration of any 
of the products or reactants, the concentrations of other substances 
must also change in such a way as to compensate for this. The 
change of concentration caused by a disturbance of equilibrium ls 
called a shift or displacement of equilibrium. If the concentrations 
of the substances in the right half of the equation increase 
(obviously, with a corresponding decrease in the concentrations of 
the substances in the left), the equilibrium is said to have shifted to 
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the right or in the direction of the forward reaction. On the other 
hand, if the' concentrations undergo the opposite change, the 
equilibrium is said to have shifted to the left. 


8-1. Effect of change in concentration on equilibrium, When 
the concentrations of the components of a system in equilibrium 
are changed, the value of K, does not change but the equilibrium 
is changed, because either the forward or the backward reaction 
rate is favoured, The equilibrium constant expressions can, there- 
fore, be used to determine which way the equilibrium will shift if 
the concentration of any of the substances in the system is 
changed. Consider the equilibrium 


N: + 3H; = 2NH; 


[NH - 
[Ns] [Ha]* 


Suppose that after equilibrium is attained, an additional quantity 
of Na is introduced, This causes an increase in the value of [Ns] 
and thereby in the value of the denominator in the equilibrium 
constant expression. Since the value of K, at a given temperature 
remains constant, the concentration of Ha must decrease and the 
concentration of NHs must increase, That is, the equilibrium 
is shifted to the right—the direction in which Ng and Hg combine 
to form NHs. In the new equilibrium, the concentration of Ha 
will be lower than it was before Ns was added, while the concen- 
tration of NH; will be higher. The equilibrium will similarly shift 
to the right if the concentration of Hs is increased or that of NHs 
is decreased. On the.other hand, increasing the concentration of 
NH; or decreasing the concentration of Ne and He will cause the 
equilibrium to shift to the left, i.e., towards the decomposition of 
ammonia and formation of new quantities of Nz and Hy. In a 
general reversible reaction A+B=@C-+-D for which 


[cH IDI 
[A] [B] 


fot which K,= 


Ke 


the equilibrium will shift to the right if the concentrations of A 
and B are increased or the concentrations of C and D are 
decreased, and to the left if the concentrations of A and B are 
decreaséd or the concentrations of C and D are increased. 
Two very important conclusions can be drawn from these consi- 
derations : 


(a) If one of the reactants of a reversible reaction is sought to 
be used vp more completely, an excess of the other reactant must 
be used. 


(b) If one of the products is continually removed from the 
sphere of reaction, the equilibrium will shift towards the formation 
of that product. On this basis, a reversible reaction can be made 
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to go to completion, For example, if the water vapour formed in 
the reversible reaction between carbon dioxide and hydrogen 


CO, + Hs = CO + HO 


is continually removed: from the reaction mixture, these gases can 
be entirely converted into carbon monoxide and water vapour, 


8-2. Effect of change of pressure on equilibrium. Changes in 
pressure affect the equilibrium state measurably only when gases 
are involved, and in such cases only when the chemical reaction is 


accompanied with a change in the total number of mofecules in 
the system, Examples of such systems are : 


(1) N: + 3H, = 2NHs (total number of molecules: 
on the left 4; on the right 2" 
(ii) N40, «€» 2NO, (total number of molecules. 


: on the left 1; on the right 2): 
With the increase in the pressure on a gaseous system the volume 


decreases and the concentrations of substances in moles per litre 
and the total number of molecules per unit volume increase. AS 
such, the reaction that involves a decrease in the total number of 
molecules (per unit of volume) will be accelerated causing a new 
equilibrium to be established. In the above examples, an increase 
in pressure will favour formation of ammonia and suppress the 
dissociation of nitrogen tetroxide; a decrease in pressure will have: 
opposite effects. 


8-3; Effect of change in temperature on equilibrium. The equi- 
librium concentrations are affected if the temperature is altered. 
For an exothermic reaction, heat can be considered as one of the 
products; for an endothermic reaction as a reactant, In every 
system in eapi lom two reactions occur simultaneously one of 
which is exothermic and the other one endothermic. The exothermic 
reaction is favoured by a decrease in temperature, the endothermic 
reaction is favoured by an increase in temperature. Any change 
in the temperature of a system in equilibrium causes the two 
opposite reactions to proceed at unequal rates, The system remains. 
out of equilibrium until the reaction rates again become equal when 
„a new equilibrium state is established. 


For example, in the equilibrium represented by the equation 
Ns(g) + 3Ha(g) = 2NHs(g) + A 


if the temperature is raised, the equilibrium will shift to the left, 
the equilibrium constant will change, the concentration of ammonia 
will decrease, and the concentrations of hydrogen and nitrogen 
will increase. Conversely, lowering the temperature will cause the 
equilibrium to shift to the right and consequently the equilibrium 
constant will change, the concentration of ammonia will increase. 
and the concentrations of nitrogen and hydrogen will decrease. 
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8-4. Effect of catalyst on equilibrium. The addition of a 
catalyst to a system at equilibrium does not alter the equilibrium 
concentrations and the equilibrium constant remains unchanged. 
This is because any catalyst affects the rates of both the forward 
and the reverse reactions to the same extent. 


In section 3-4, page 152, the effect of catalysts on reaction 
rates was discussed in terms of lowering the activation energy. In 
altering the pathway of the reaction, the catalyst lowers the acti- 
vation energy of the forward reaction, and at the same time 
lowers the activation energy for the reverse reaction by an equal 
amount (Fig. 6-11). The catalyst is thus effective in increasing 
the reaction rate in both directions, forward and reverse, and 
thereby hastening the approach of equilibrium. 


activation barrier 
without catalyst 
(reverse reaction) 


activation barrier 
without catalyst 
(forward reaction) 


&ctivation barrier 


activation barrier’ 
with catalyst 


with cataiyst 


energy ——» 


reactants 


products 


reaction coordinate 


Fig. 6-11. The role of a catalyst in à reversible reaction. 


9. Equilibrium Constants for Certain Equilibria 


9-1. The Dissociation of dinitrogen tetroxide, N,0,22NOz. 
Let ‘a’ moles of N,O, be heated in a closed vessel of volurae 
V liters, and let ‘x’ moles of it be dissociated at equilibrium. Since 
1 mole of N40, dissociates to produce 2 moles of NOs, x moles of 
N40, will dissociate to produce 2x moles of NO; 


N20,(g) = 2NO«(g) 


Initial amounts (moles) ; f 9 
Equilibrium amounts (moles) : (a—2) 2x 
(a—x) 2x 


Equilibrium concentrations (moles/1): V v 
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Substituting these values in the equilibrium constant 
expression, 


[NO] (Gal 4x2 


Ke SOIL Qaa] im (a—x)V 
y 


(t) Effect of change in pressure. The expression for K, for 
the dissociation of dinitrogen tetroxide has V in the denominator, 
When pressure is increased, the volume V decreases; and since K, 
at a given temperature remains constant, x also decreases. That is, 
increase in pressure suppresses the dissociation of N4O,. Converse- 
ly, decrease in pressure enhances the dissociation of N:0;. 


(it) Effect of adding NO,. Ifan additional amount of NOs 
is introduced without changing the volume and temperature, 
[NO;] increases, Hence, in order to maintain the value of Ke, 
[NzO,] also increases. That is, the degree of dissociation of 
dinitrogen tetroxide is suppressed. 


9-2. Combination of sulphur dioxide and oxygen in the 
Presence of platinum catalyst (contact process), ; 


250: +0:=250;. 


Suppose ‘a’ moles of sulphur dioxide react with ‘b’.moles of. 
Oxygen in a.closed vessel of V litres, and that x moles of 
Oxygen are used up at equilibrium. Since 1 mole of oxygen 
combines with 2 moles of sulphur dioxide to produce 2 moles of 
sulphur trioxide, 2x moles of sulphur dioxide will be used up and 
2x moles of sulphur trioxide will form, The quantities of sulphur 
dioxide and oxygen at the equilibrium will be (a—2x) moles and 
(b—x) moles respectively. 


280&(g) + Ox(g) = 2SOs(g) 


Initial amounts (moles) : a b o 

Equilibrium amounts (moles) : (a—2x) (6—x) 2x 
Nees ; t (a—2x) (b—x) 2x 

Equilibrium concentrations (moles/1) : IESUS TE ums V 


___ Substituting these values in the equilibrium constant expres- 
sion 


.. [S04 
K-7 ($055 (03 


(cal 
oan Damm cS 
( V I0) "Pan 
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(1) Effect of change in pressure. When pressure is increased, 
‘the volume ‘V’ decreases. Hence, in order to maintain the value 
of K., x increases. That is, increase in pressure favours the com- 
bination of sulphur dioxide and oxygen to form sulphur trioxide, 
Any decrease in pressure will have the opposite effect. 


(ii) Effect of adding sulphur dioxide or oxygen. Addition of 
sulphur dioxide or oxygen to the equilibrium mixture without 
changing the volume and the temperature will increase the denomi- 
nator in the equilibrium constant expression 


___180,]* 
~ [SO]? [02] 


l 
| 
| 
| 


K, 


Hence, in order to maintain the value of K,, the numerator, /,e., the 
concentration of SO; increases, That is, more of the reactants are 
converted into sulphur trioxide. In practice, an excess of oxygen 
(air) is used so that sulphur trioxide is entirely converted into 
sulphur dioxide. 


9-3. Synthesis of ammonia (Haber's process), 


Ne + 3H, = 2NH; 


Suppose ‘a’ moles of nitrogen react with ‘b’ moles of hydrogen 
in a closed vessel of volume V litres, and that x moles of nitrogen 
are used up at equilibrium. Since. 1 mole of nitrogen combines 
with 3 moles of hydrogen to produce 2 moles of ammonia, x moles 
of nitrogen will combine with 3x moles of hydrogen to produce 2x 
moles of ammonia at equilibrium, Then, 


Na(g) + 3Hs(g) = 2NHa(g) 


Initial amounts (moles) : a b o 
'Equilibrium amounts (moles) : to (a—x) (5—3x) 2x 

nec 1 d (a—x) (b—3x) 2x 
Equilibrium concentrations (moles/1) z RU ETT V 


t Substituting these values in the equilibrium constant expes- 
sion, 
[NH3]? 
* [Na] [Hf 
(= i 
Ls v TAPAN VE 
(25 CER 3 (a—x) (b—3x)8 
V X 


K 


- . (0) Effect ef change in pressure. 1f pressure is increased, the 
volume V decreases. Hence, in order to maintain the value of Ke, 
X must increase. That is, increase in pressure favours the conversion 
of nitrogen and hydrogen into ammonia. 
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(ii) Effect of adding nitrogen or hydrogen. Addition of 
nitrogen or hydrogen to the equilibrium mixture without changing 
the volume and the temperature will increase the denominator in 
the equilibrium canstant expression 

— [NH3] 
* [Ne] [Ha 

Hence, in order to maintain the value of K,, the numerator, Les 
the concentration of NHs increases. That is, more of the reactants 
are converted into ammonia, In practice, nitrogen is used in excess. 

9-4. Hydrolysis of Ethyl Acetate 

CH;COOCH; + H,0 =} CH3.COOH + C,H;0H 


ethyl acetate water acetic acid ethyl alochol 


K 


Let a moles of ethyl acetate react with b moles of water in 
volume V litres, and let x moles of acetic acid and x moles of ethyb 
alcohol be present when the state of equilibrium is reached. 


CH;.COOC;H;--H40 = CH;.COOH 4-C;H;OH 
o 


Initia] amounts (moles) : a b o 
Equilibrium amounts (moles) : (a—x) (b—x) x x 
Equilibrium concentrations : è i BES 
aü—x x x ut. 
(moles/1) Ns EE zug v 
A Substituting these values in the equilibrium constant expres- 
sion 
x, .[CHs.COOH] [Cs H;OH] 
e~ [CHs.COOC:H;] [H20] 
Xx 
V M xt 


Since the volume term V cancels and does not appear in the 
expression for Ke, the equilibrium is not affected by a change ip 
volume or pressure, It is also obvious that increasing the concen- 
tration of water will favour the hydrolysis of ethyl acetate as it will 
lead to an increase in the concentration of CHs.COOH and 
C:H;OH to maintain the value of K, in the expression 


.. [CHs.COOH] [C:H;OH] 
*  [CHs.COOC:H;] [H:0] 


K 


10. Le Chatelier's Principle 


The qualitative influence of various factors on a system in’ 
equilibrium - was generalized by Le Chatelier in 1888 in what 1$- 
known as Le Chatelier's principle. This may be stated thus : 


CHEMICAL KINETICS AND CHEMICAL EQUILIBRIUM 171 


When a system in equilibrium is subjected to a change in 
temperature, pressure, or concentration of a component, the equili- 
brium shifts in the direction of the reaction opposing that change. 

Thus, in a system in equilibrium— 


(1) Increase in pressure shifts the equilibrium towards the 
reaction proceeding with decrease in volume so that the total 
volume of the system is reduced, e.g., to the right in the system 


280.(g) + O«(g) = 2SOs(g) 
2 mol, 1 mol. 1 mol. 
2 vol. 1 vol. 2 vol. 


3 vol. æ 2vol. 


and to the left in the system 
PCl;(g) «€ PCla(g) + Cli(g) 
mol. 


1 mol. 1 1 mol. 
1 vol. 1 vol. 1 vol. 


1 vol. = 2 vol. 

Decrease in pressure shifts the equilibrium towards the 
reaction in which volume and, therefore, the pressure increases, 
e.g., to the right in the system 

N,0,(g) = 2NO,(g) 
1 mol. 2 mol. 
1 vol. æ 2vol. 


Change in pressure has no effect on equilibrium if the total 
volume of the products is the same as that. of the reactants, e.g., 
in the system 

CO(g) + HiO(g) = CO8) + Hale) 
1 mol. 1 mol. 1 mol. 1 mol; 
1 vol. 1 vol. 1 vol. 1 vol. 


2 vol. * 2 vol. 


(2) Increase in temperature shifts the equilibrium towards the 
reaction which will lower the temperature, l.e., which proceeds with 
the absorption of heat (endothermic reaction), e.g., to the right in. 
the system 

Na(g) + Oxg) > 2NO(g)—43,200 cal. 


and to the left in the system 
N,(g) + 3Hy(g) = 2NH;(g)+22,400 cal. 
Decrease in temperature shifts the equilibrium towards the reaction 


in which heat is evolved (exothermic reaction), e.g., to the right in 


the system 
280,(g) + Os(g) => 2SOs (8). + 46,800 cal. 
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(3) Increase in the concentration of any component in the 
system shifts the equilibrium in the direction of the reaction in 
which it is used up, i.e., in which its concentration decreases. For 
example, in the equilibrium A + B C + D, any increase in the 
concentration of A or B at the equilibrium will shift it in the 
direction of the forward reaction; any increase in the concentration 
of C or D will shift it in the reverse direction. 


(4) A catalyst accelerates the forward and the reverse 
reactions to equal extent. Hence, introduction of a catalyst into 
a system at equilibrium has no effect upon it. However, a catalyst 
helps the equilibrium to be reached in less time at a given 
temperature by increasing the rates of both the forward and the 


reverse reactions. 1 

10-1. Applications of Le Chatelier’s principle. Le Chatelier's 
principle is of great value in predicting the conditions for maximum 
yield of a particular product in a reversible reaction, This is 
illustrated in the following examples. t 


(1) Synthesis of ammonia (Haber's process). The formation 
of ammonia from nitrogen and hydrogen is an exothermic reaction 
which proceeds with a decrease in volume, and is reversible. 


N,(g) + 3H.(g) > 2NHs(g) + 22,400 cal. 
1 vol. 3 vol. 2 vol 


vol. 


High pressure will favour the forward reaction, i.e., the for- 
mation of ammonia, because it results in a decrease in volume. 
High temperature will favour the reverse endothermic reaction, i.e., 
the dissociation of ammonia into its elements. Low temperature will 
favour the forward reaction which is accompained with evolution 
of heat, Increase in the concentration of nitrogen or hydrogen will 
favour the forward reaction in which they are used up and their 
concentrations decrease. In practice an excess of nitrogen is used 
with the hydrogen. To summarise, the favourable conditions for 
the highest possible yield of ammonia by the combination of 
nitrogen and hydrogen are : (1) high pressure, (2) low temperature, 
and (3) excess of nitrogen in the reacting gases. 


(2) Formation of sulphur trioxide from sulphur dioxide and 
oxygen (contact process). This, too, is an exothermic, reversible 
reaction which proceeds with a dccrease in volume. 


28O0s(g) +.Os(g) = 2SOs(g) + 46,800 cal. 
2 mol. 1 mol. 2 mol. 
2 vol. 1 vol. 2 vol. 


3 vol. æ 2 vol. 
Again, application of high pressure will shift the equilibrium 


to the right because the volume is reduced as the left-to-right 
reaction proceeds. Higher temperature will favour the right-to-left 
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reaction; lower temperature will promote the combination of 
sulphur dioxide and oxygen—the exothermic reaction. If a large 
excess of oxygen is added to the system. the equilibrium will further 
shift to the right causing more of sulphur trioxide to be converted 
into sulphur trioxlde. Thus, the optimum conditions for a high 
yield of sulphur trioxide from a given amount of sulphur dioxide 
are : (i) high pressure, (ii) low temperature, and (iii) a large excess 
of oxygen (or air), 


(3) Synthesis of nitric oxide (Birkland and Eyde process). 
The combination of nitrogen and oxygen to form nitric oxide is a 
highly endothermic, reversible reaction which takes place with no 
change in volume 


Na(g) + O(g) € 2NO(g)—»x cal. 


1 mol. 1 mol, 2 mol. 
1 vol. 1 vol. 2 vol. 
QEEEUEL YI. 

2 vol, * 2vol. 


A change in pressure will not affect the equilibrium state 
because there is no change in volume when tlie reaction takes place. 
Higher temperature will displace the equilibrium to the right, /.e., 
in the direction of the endothermic: reaction, Thus, the yield of 
nitric oxide is not affected by pressure and is enhanced at higher 
temperatures, : 


(4) Oxidation.of carbon monoxide by steam (Bosch process). 
This reaction is an exothermic, reversible reaction, which takes 
place with no change in volume, 


CO(g) + HsO(g) = CO.(g) + Hs(g) + x cal. 


Again, altering the pressure will not affect the position of 
equilibrium. Raising the temperature will displace the equilibrium 
in the direction of the endothermic reaction, i.e., to the left; 
lowering the temperature will shift it to the right. Also, addition 
of steam to the system in equilibrium will cause it to shift to the 
right. Thus, the optimum conditions for the highest yield of 
hydrogen are : (i) low temperature and (ii) a large excess of steam. 


10-2. Limitations of Le Chatelier's principle. Le Chatelier's 
principle is certainly valuable as a means of predicting optimum 
conditions for the highest yield of a desired product, However, it 
is not concerned at all with the factors governing the rate at which 
that yield is obtained, Hence, the guidance offered by Le Chatelier's 
principle has often to be modified in practice. For example, 
although the formation of ammonia (reaction 1 above) by the 
combination of nitrogen and hydrogen is favoured by a low 
temperature according to Le Chatelier's principle. the operating 
temperature in the Haber's process is about 500°C, This is because 
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at lower temperatures the combination of nitrogen and hydrogen 
occurs extremely slowly, even in the presence of catalyst. Hence, 
‘exothermic processes are operated at such lowest temperatures at 
which neither the yield of the desired product will be very low nor 
the rate of reaction be too slow, This is why the contact process 
(reaction 2 above) and Bosch process (reaction 3 above) are 
operated around 450-500*C. 


10-3, Applications of Le Chatelier’s principle to physical 
equilibria. Le Chatelier’s principle is equally applicable to physical 
equilibria such as— 


(1) Melting of ice. Ice melts with absorption of heat and 
decrease in volume : 


Ice = Water — x cal, 
(more volume) (less volume) 


Hence, raising the temperature and increasing the pressure 
favour the change of ice into water. The reverse change, i.e., freez- 
ing of water to ice is favoured by lowering the temperature as well 
as the pressure. 


(2) Vaporization of water. Water evaporates with absorption 
of heat and increase in volume. 


Water «€ Water vapour — x cal. 
(less volume) (more volume) 


Thus, vaporization of water is favoured by raising the temperature 
and lowering the pressure; change of water vapour into liquid 
water is favoured by lowering the temperature and increasing the 
pressure. 


(3) Solubility of substances. Consider a physical equilibrium 
between a saturated solution and excess of undissolved solute. If 
the solute dissolves with absorption of heat, rise in temperature 
will cause more of it to dissolve so that the temperature is lowered 
again. That is, the solubility of such a solid will increase with 
rise in temperature, 


KCl + aq + KCl(ag) — x cal. (solubility rises with temp.) 
Solubilities of such substances as KOH etc., decreases upon raising 
the temperatures because they dissolve with evolution of heat. 


KOH + aq > KOH(aq)+x cal. (solubility decreases with 
temperature). 


11. Calculations Involving Equilibrium Constants 


Example 1. J0 moles of HI were produced by the interaction 
of 15 moles of Ha and 5:2 moles of Is vapour at 444°C. Calculate 
the equilibrium constant of the reaction Hs + Is > 2HI. 
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Solution, If 2x moles of HI are formed in the reaction, the 
system.in question may be represented as 
Hs(g) + li(g) > 2HI(g) 
Initial Concentration (mole;!) : a b o 
Equilibrium concentration (mole/l) : (a—x)  (b—x) 2x 
According to the data, 
a=-15 moles, b—5 2 moles 
2x—10 moles ; .. x—5 moles 


Hence, [H]]— 10 moles 
[Hs] —(a—x) —15—5—10 moles 
[1:]—(5—2) —5:2—5—0:2 moles 

Substituting these values in the equilibrium constant 

expression, 
{HI}? 
[Ha] [le] 

(10 moles)* 

Ke= Ty moie x02 mole 50 

Example 2. For the reaction N»(g) + 3H2(g) > 2N Hs(g) at 
a given temperature it is found that on equilibrium mixture in a 
10 litre container contains 20 moles of NHs, 0:20 mole of No, and 
60 moles of Hə, What is the value of the equilibrium constant at 
this temperature ? 

[(NHgl* 
S $ Aail 
olution K, [Nal (Hal? 

Since these are all molar concentrations, the number of moles 
of each substance must be divided by the total volume of the 
container. 

Ka (2:0 mol/10 /)* 
57 (0:20 mol/10 7) (6:0 mol/10 /)* 
—9:3 /* mol*. 

Example 3. 2 moles of HI were heated in a sealed iube at 
444°C till the equilibrium was reached. It was found to be 22 per 
cent dissociated. Calculate the equilibrium constant fot the 
reactlon. 


Since the dissociation of HI (2HI = Ha + la) occurs to the 
extent of 22%, the amount of HI dissociated will be 2x 22/100 
=0°44 moles. From the stoichiometry of the reaction, the system 
‘may be represented as follows : 

2HI(g) > Hs(g) + I:(8) 
Initial concentrations (mole/l) : 2IN 0 0 
‘Equilibrium concentrations (mol/!) : (2—0'44))V 0'22/V 0'22/V 


(7 1 mol of HI gives on dissociation } mole of Ha and 4 mole 
.of Iz. V is the volume of the sealed tube in litres). 
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Equilibrium constant, Ka Lal [li] 


[Hi] - 
022 022. 
“y v. 
= 1562156 
aom . 
022x022 a x 
—'is6x] se 700199 at 440°C 


Example 4. The value of Ke for the reaction A + B C + D 
is 2. Calculate the concentrations of A, B, C, and D at equili- 
brium if the initial concentrations of A and B were [A]=5 moles 
per litre; [B] —2 moles per litre. 


It is clear from the equation of the reaction that 1 mole of C 
and 1 mole of D are formed feom each mole of A and B. Let the 
number of moles of A and B that have been transformed into C 


and D be x, Then the initial and equilibrium concentration of 
A, B, C, and D are: 


A+BeC+bD 

Initial concentration (mol/1) : 5 2 0 0 

Equilibrium concentration (mol/1) : * (S—x) (2—x) x x 

Substituting these values in the equilibrium constant ex- 
pression, : 

2— xXx : 

(5—x) 2—x)' 

or %1=12'39, x2=1°61 

Discarding the first root as impossible, the concentration: at 

equilibrium are : [C]--[D] —1:61 moles per litre; [AJ=3 39 moies 
per litre, and [B]=0°39 moles per litre. 


x!—14x4-20—0 


Questions 
1. Arrange the following reactions in two groups, fast and slow, basing. 
your answer on the chemical bonds involved in tee process H 
(a) C + Os > CO: , 
(b) AgNO3 + NaCl — AgCI + NaNOs 
(c) H+ + OOC.CHs~ > CHs.COOH 
(d) CH4 + 202 > CO2 + 2H20 
(e) 2H* + COst- > H:0 + COST 
(f) CHs.COOH + C2Hs0H > CHs.COOCaHs + HsO 
2. How is the rate of reaction expressed quantitatively ? Explain by 
means of a suitable example. 
3. Define or explain each of the following terms : 


^ 


(1) reaction rate (2) activation energy 
(3) catalyst (4) inhibitor 
(5) reversible reaction (6) chemical equilibrium 


(7) equilibrium constant (8) Le Chatelier's principle 
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74. Give a brief account of the collision theory of reaction rate, 


/5, Explain in terms of collision theory and activation energy, how 
each of the following factors affects the rate of a chemical reaction : 


(i) increase in concentration, 


(ii) increase in temperature, and 
(iii) the presence of a catalyst. 


6. Inthe reaction between marble and dilute bydrochloric acid, how 


is the rate of reaction aflected by the size of the marble particles? Explain your 
answer. 


7. Explain why the chemical reactions between ions are very fast while 
those involving covalently bonded molecules are very slow. 


8. Explain the terms : activatea complex, energy barrier, and activation 
energy. 


i Y Why should increased pressure increase the rate of gaseous reactions 
only 


10. How can reactions be speeded up ? (a) Between a solid and a gas ? 
(b) A solid and a liquid ? 


11. State the law of mass action. How is the speed of the reaction 
A + 2B — C + D affected by (a) doubling the concentration of A, (b) doubling 
the concentration of B ? 


12. Why is it that the reaction rate is proportional to the mathematical 
product of the concentrations of the reacting substances and not to the mathe- 
matical sum of their concentrations ? 


13. (a) Explain the action of a catalyst in increasing the reaction rates. 
(b) Define with examples the terms ‘homogeneous catalysis’ and ‘hetero- 
geneous catalysis’. 


(c) Why is the activity of contact catalysts enhanced with their sub- 
division, 


14. Distinguish between reversible and irreversible reactions giving two 
examples of each. 


15. Why does the reaction between iron and hydrochloric acid proceed 
to completion although under proper conditions hydrogen reacts with the 
ferrous chloride formed ? 


Fe + 2HCI — FeCls + H2 
16. Why is the state of chemical equilibrium referred to as "dynamic" ? 


17. Explain the statement that ‘‘in a reversible chemical reaction (e.g., 
A + B#C + D) the same equilibrium can be attained from either side”, 


18. (a) What is meant by a 'closed system" as applied to an equilibrium 
state ? 


(b) The reaction between iron and steam is reversible. Steam passed 
over a red-hot iron produces iron (11, II) oxide and hydrogen; hydrogen passed 
over red-hot iron (II, III) oxide gives iron and steam. Suggest a method by 
which this reversible reaction may be brought to a state of equilibrium. 


19. What do you understand by the term ‘shift of equilibrium’? List 
the factors that may cause a shift of equilibrium in a reversible reaction 
involving gases. 


20. (a) When do changes in pressure affect systems in equilibria ? 
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(b) How will an increase in pressure affect the following eauilibria ? 


i, Ne + 3Ha = 2NH3 + heat 
ii. N20; - heat = 2NOs 
lii. 302 - heat + 203 
iv. 2CO + Oz € 2CO; + heat 
v. CaCO; +heat = CaO + CO: 
vi, 2HI +heat H2 + Iz 
vii. CO + 2H: «* CHsOH (g) + heat. 


21. How wil! an increase in temperature affect the above equilibria ? 


22. Derive the algebraic expressions for the equilibrium constants Kc and 
Kp using the hypothetical equation mA + nB pC + qD. Does the value 
of these constants depend upon concentrations? Upon temperature? 


23. How does the presence of a catalyst affect (a) the rate at which 
equilibrium is attained, (6) the value of the equilibrium constant ? 
24. Discuss the significance of the equilibrium constant, Ke for reversible 


reactions. 
25. (a) State clearly the Le Chatelier's principle. 


(b) List five ways by which the reversible reaction 
Ne + 3Hs œ 2NHs + heat 
could be shifted towards the left. 
26. Mention three examples of dynamic physical equilibrium and apply 
Le Chatelier’s principle to each one. 
27. The reaction between hydrogen and chlorine to form hydrogen chloride 
is represented by the following equation : 
Ha(g) + Cla(g) «* 2HCl(g) + 44°0 kcal 
(a) List four important pieces of information regarding tbe reaction 
conveyed by tbis equation. 
(b) What are the three significant areas of interest concerning this reac- 
tion for which no information is conveyed by this equation ? 
28. Consider the reversible rection represented by tbe equation : 
4HC(g) + Os(g) * 2HsO(g) +2Cla(g) + 27 kcal 
How would the equilibrium concentration oi Cla be affected by tbe follow- 
ing changes ? Give reasons for each answer. 
(a) Increasing the concentration of Os. 
(b) Decreasing the total pressure. 
(c) Incre g the temperature. 
(d) Aédiag a caialyst. 
(e) Increasing the volume of the reaction chamber. 


29, Consider the reaction 
2SOx(g) + Ox(g) ** 2SO3 + x cal 
ti) Write down the expression for the equilibrium constants Ke 
and Kp. 
(ii) What is the catalyst used in this reaction ? 
(iii) Ts this catalyst homogeneous or heterogeneous ? 
(iv) If solid catalysts are used, in what state are they used ? 


(v) Why are they used in this state ? 
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30. In the manufacture of ammonia, the reaction is denoted by the 
following equations : 
Nez + 3H2 = 2NHs + x kcal 
Or, N2 + 3He æ 2NH3 ; AH=—=x kcal. 
Applying Le Chatelier’s principle, what is the effect of increasing 
(i) temperature, i 
(ii) pressure, 
(iii) volume of hydrogen ? 
31. Sulphur trioxide is obtained by tbe reaction represented by the 


equation 
280s(g) + O2(g) ** 2SOa(g) 


The ‘figure below shows the potential energy diagram illustrating the 
activation energy for the above exothermic reaction. 


m 


Reactanis 


a) Explain the significance of the energy values E1, E2, and Es. 

(b) if a catalyst increases the rate of reaction what will be the change in 
the above diagram if we add a catalyst to the above reaction ? Draw the 
diagram and label it. 

(c) Name the catalysts commonly used in this reaction. 


" (4) Is this an example of heterogeneous or homogeneous catalysis accord- 
ing to the choice of catalyst ? 

(e) Write the equation of equilibrium constant for the reaction using 
concentration terms. 


(f) State Le Chatelier's principle. 
(g) Predict the changes in the composition of the equilibrium mixture 
resulting from— 


i, an increase in total pressure, 
ii. a rise in temperature, and 
ili. the removal of some of the SOs 
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32. (i) Which of the following figures (a) and (b) represent an exothermic 
reaction ? 


reactants products 


energy —» 


energy —> 


reactants 


roducts 


reaction coordinate ——» reaction coordinate —> 


(ii) Why is an exothermic reaction self-sustaining ? 


33. For the reaction 
Na(g) + 3Ha(g) v 2NHa(g) + A 


which way will the equilibrium shift— 
(i) if more nitrogen is added to the system, 
(ii) if the temperature is decreased, 
(iil) if the pressure is increased, 
(iv) if hydrogen is removed from the system, 
(v) if the volume is increased ? 


Explain your answer in each case. 
34. In each of the following questions, tick (V. ) the correct answer out 
of the four answers given : 


(1) Atroom temperature, domestic cooking gas does not ignite sponta- 
neously with the oxygen froní the air because 


A. the reaction is endothermic. 

B. the activation energy is too small. 

C. the energy of reactants is greater than the energy of the products. 

D. the collision energy is unsufficient to overcome the energy barrier. 
(2) A catalyst increases the rate of reaction by 


A. reducing the energy that the molecules must bave before they can 
react. 


B. removing substance that slow down the reaction. 
C. raising the energy barrier. 
D. lowering the energies of both the reactants and the products. 


Problems 


1. Write an expression for the rate of reaction of the combustion of 
sulphur : S + Oz SO». (R —- k[Os]) 


2. Derive the mathematical expression of the Law of Chemical Equili- 
brium for the following equilibria : 
@ CaCOs(s) = CaO(s) + COa(g) 
(i) CO + 202 = CH30H(g) 
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Gii) CO2 + He = CO + HsO(g) 
| (iv) 280» + O2 = 280s(g) 


‘Aus, (i) Ke= ; = [CHsOH] 
us. (i) Kc- [CO]; (D Ke {COl (Ea 
(iii) kc» [£OlHs0] . [SO3]? 


"ICogiga] * €? Ke7isossrog 


3, For the reaction 2A(g) + B(g) «& 2C(g), Kc-0'18 at 200°C. Calculate 
(a) Ke for the reaction 2C(g) «&& 2A(g) + B(g) 
(b) Ke for the reaction 4A(g) + 2B(g) = 4C(g) 
(Ans. (a) 5'55..., (b) 0'0324] 


. 4. It was found thata mixture of nitrogen and hydrogen in the propor- 
tion of 1 :3 by volume and under a pressure of 40 atmospheres and tempe- 
ature 450°C gave on equilibrium mixture containing 6% ammonia, Calculate 
the equilibrium constant. [Ans. 00053] 


PNH 
(Hint, Kp 8  — 3 
[ur Pai (IN1--3H2 # NH3) 


P 6x40atm _,. 
NHs=— 00 — =2'4 atm, 
., Pressure of Ne + H2=40—2°4=37'6 atm, 
Since N2 and Ha are present in the proportion 1 : 3 
Pre =x 37°6 atm=9'4 atm. 


and, Pus =} x37'6 atm=28'2 atm. 


Substitute these values in the Kp expression. ] 


Key 


1. Reactions (b), (c), and (e) are fast; (a), (d), and ( f) are slow. 


R 2. Quantitatively, the rate of reaction is expressed in terms of the change 
in concentration of one of the reactants or products per unit time. 


9, The rate of reaction is proportionai to the concentration (in moles per 
litre) of the reactants. It is ín the case of gaseous reactions only that 
increased pressure results in increased concentration of the reactants so tbat the 
rate of reaction is also increased. 


10. (a) By (i) bringing the solid in a finely divided state, (ii) increasing 
the pressure; (iii) increasing the temperature, and (iv) using a suitable 
catalyst. 

(6) By (i) bringing the solid in a finely divided state, (ii) increasing the 
temperature, and (iii) using a suitable catalyst. 


11. (a) The speed is doubled. (b) The speed is quadrupled. 


| 15. Because the hydrogen formed leaves the system as it is formed, and so 
the reaction continues to proceed in the forward direction. 


| 16. The state of chemical equilibrium is referred {to as dynamic because it 
| is the result of two opposite reactions proceeding at equal rates and not of 
| their ceasing to occur. 


18. (6) The reversible reaction between iron and steam may be brought 
to a state of equilibrium by carrying it in a closed vessel so that the hydrogen 
or steam may not leave the system, 


apes 
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20. (a) Changes in pressure affect systems in equilibria when gases are: 
involved and the chemical reaction involves a change in tbe total number of 
molecules in the system. 


(6) Shift towards right in (i), (iii), (iv), and (vii). 
Shift towards left in (ii) and (v). 
No change in (vi). 


25. (b) 1. By decreasing the concentration of N2. 
2. By decreasing the concentration of H2. 
3. By increasing the concentration of NHy. 
4, By increasing the temperature. 
5. By decreasing the pressure, 
26. Examples of dynamic physical equilibria are : 
(1) Melting of ice, (2) Vaporization of water, and (3) A saturated solution 
in contact with undissolved solute. 
See page 172 forthe application of Le Chatelier’s principle to these 
equilibria, 
27. (a) (1) The reaction is reversible, 
(2) Increase in temperature wil! decrease the yield of HC! since the fore 
ward reaction is exothermic. 
(3) Decrease in temperature will increase the yield of HCI as its formation 
is accompanied with liberation of heat. 
(4) The yield of HCI is not affected by achange in pressure since there 
is no change in the total number of molecules in the system. 
(b) (1) The extent to which the reaction proceeds when the equilibrium is 
attained, 


(2) The-ate of attainment of equilibrium. 
(3) The catalyst for the forward reaction. 
. 28. (a) Increases ; since this will favour the forward reaction in which O2 
is used up and its concentration is decreased. 
, (b) Decreases; since this will shift the equilibrium to the direction in 
which the volume is more, i.e., to the left. 
c o Decreases; since the forward reaction is accompanied with liberation. 
of heat. 
(d) No change; since catalyst does not affect equilibrium concentrations. 
(e) Decreases; since this is equivalent to reducing the pressüre. 


2 (SO3]2 Psos? 
29. (i) Kee, S3: Kp=__~ SOs 
[SO:]3/0:] Pso,2x PO 


(ii) Finely divided platinum (deposited on asbestos or magnesium sulphate) 
or vanadium pentoxide, 
(iii) Heterogeneous ` 
(iv) In a very finely divided state. 
(v) To provide maximum surface for the adsorption of reacting molecules 
jj whereby the energy of activation is lowered and the frequency of collisions 
is increased, 
31. (a) Ex is the activation energy for the reaction; Es is difference in 
energy of the activated complex and sulphur trioxide, the product. and Es is the 
energy released in the reaction. 
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(b) The hump of the curve will be lowered as shown in the diagram below : 


2S0, product 
extent of reaction 


$ (d) Yes; it will be an example of homogeneous catalysis if oxides of 
nitrogen (gaseous) are used as catalyst, and of heterogeneous catalysis if 
platinum or vanadium pentoxide is used as catalyst. 

(g) (i) The equilibrium concentration of SOs will increase; of SOz and 
Os will decrease. 

(ii) The equilibrium concentration of SOs will decrease; of SO: and O2 
will increase. 


(iil) The concentrations of SOz and Os will increase, 
32. (a) Fig. (a) represents an exothermic reaction. 


33. (i) Equilibrium will shift to the right (to use up additional nitrogen). 

(ii) Equilibrium will shift to the right (since this is an exothermic reaction 
where heat can be thought of as a product; decreasing the temperature is equiva- 
lent to removal of heat). 

(iii) Equilibrium will shift to the right (since the pressure is lower on the 
right side corresponding to the smaller number of moles). 

(v) Equilibrium will shiftto the left (since ammonia will decompose to 
maintain the value of equilibrium constant Kc [NHs]2/[ No] Ha]*. 

(v) Equilibrium will shift to the left (increasing the volume means 
decreasing the pressure; pressure is more on the left side corresponding to the 
larger number of moles). 


34. (D D, (2) A. 


[m 


lonic Theory and lonic Equilibria 


Substances whose water solutions conduct electricity, and which 
are decomposed as a result thereof, are called electrolytes. 
Most electrolytes are acids, bases, or salts. Substances whose 
water solutions do not conduct electricity are called non- 
electrolytes. 


Electrolytes differ from non-electrolytes not only in the matter 
of electrolytic conduction in water solutions, they also affect the 
freezing point, boiling point, and osmotic pressure to a much 
greater extent than do the non-electrolytes. Thus, one mole of 
sodium chloride dissolved in 1 kg of waterlowers the freezing 
point of water 3°42°C; one mole of sugar dissolved in 1 kg of 
water lowers the freezing point of water 1'86"C. Similarly, elec- 
trolytesin water solutions raise the boiling point nearly 2, 3, or 
more times as much as the non-clectrolytes of the same molality. 
To explain the behaviour of electrolytes in water solutions, 
Arrhenius, a Swedish chemist, in 1887 proposed a theory called 
the ‘theory of electrolytic dissociation’, or the ‘ionic theory’. 
This theory successfully explains why electrolytes give solutions 
which conduct an electric current and affect the freezing point, 


boiling point, and osmotic pressure more than do the non- 
electrolytes. 


Although Arrhenius’ ionic theory has since been modified in the 
light of our present knowledge of atomic structure and chemical 
bonding, the modern theory of electrolytes incorporates most 
of the principal postulates of the Arrhenius theory. 


1. The Ionic Theory 


To account forthe differences between the solutions of 
electrolytes and non-electrolytes, Arrhenius in 1887 proposed a 
theory called the ionic theory. The main points of this tbeory are : 


(1) Molecules* of electrolytes break down into two or more 
ions in solution. An ion may be defined as an atom or a group of 
atoms carrying a net charge which is numerically equal to the 
valency number of the element or radical. Each substance forms 
two kinds of ions, carrying positive and negative charges res- 
pectively. 


*[t may be noted that it is not appropriate to speak of ‘molecules’ of 
completely ionic compounds; the term molecule should be used only for pre- 
dominantly covalent substances. 
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(2) The sum of the electrical charges on the positive ions or 
cations equals the sum of the electrical charges on the negative 
ions or anions in the water solution of an electrolyte which, there- 
fore, remains electrically neutral. 


(3) The ions constantly move about in the solution* in a 
random manner. Under the influence of an electric current they 
travel towards opposite electrodes where they are discharged. 
Howeyer, the electric current does not cause the decomposition 
of molecules into ions which occurs as soon as the electrolyte is 
dissolved in water. The electric current bas only a directive effect 
on the ions already present in the solution. The migration of the 
ions towards the eletrodes makes the solution an electrical 
conductor. 


(4) The cations and anions are constantly reuniting in solution 
to form undissociated molecules, Thus, there exists a dynamic 
equilibrium between the undissociated molecules and the ions. Tbe 
equilibrium existing in a solution of sodium chloride may be repre- 
‘sented thus, 


NaCl @ Nat +Ci- 
(5) Dissociation into ions is never complete except in very 
dilute solutions. The ratio of the number of dissociated molecules 


to the total number of molecules in solution is called the ‘degree of 
‘dissociation’ of an electrolyte, 


1-1. Dissociation of electrolytes. Polyprotic acids, i.e., acids 
that have more than one ionizable hydrogen, dissociate by steps. 
Thus, sulphuric acid first dissociates according to the equation 


H,SO, @ Ht + HSO,- 
The second hydrogen ion splits off according to the equation 

HSOr = Ht + SO,*- 
with much greater difficulty as it has to overcome the attractive 
force of the doubly charged SO- ion. It must be realized, there- 
fore, that the equation 

H,SO, = 2H+ + SO,- 
is fictitious as it implies that sulphuric acid dissociates in one 
step. However, such equations are used in qualitative discussions. 

Phosphoric acid, HgPO,, dissociates in three steps : 

HPO; e H* + HPO 

H,PO,- = H* + HPO, 

HPO,- = H+ + PO,- 


*The term ion has been derived ‘from a Greek word meaning ‘wanderer’ 
or ‘traveller’, 
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Bases containing more than one hydroxyl radical in their 
molecules also dissociate by steps. For example, 


Ca(OH), — Ca(OH)* + OH- 


Ca(OH)* — Ca** + OH- 
Normal salts dissociate into the metal ions and the ions of the 
acid radicals, For example, 
Na,SO, = 2Na* + SO?- 
MgCl, = Mg** + 2CI- 
Acid salts, however, like polyprotic acids, dissociate by steps. 


For example, 
NaHSO, = Nat + HSO,- 
HSO,- = H+ + SO,- 

1-2. The hydronium jon. The hydrogen ion, Ht, is 
actually a proton, and does not exist free in water solutions. It 
exists as the hydrated ion, HOt, (H+H:0), called the hydronium ion 
Which is produced by the interaction of the acid and water. Thus, 
in the case of hydrochloric acid, 

HCl + H:O — H;0* + CI- 
Chemically, the hydronium ion, H;O*, acts just like a hydrogen 
ion, and in any reaction involving the hydronium ion the water of 
hydration is always left behind. For convenience, therefore, HsO* 
is represented as H* in the dissociation equations. 


2. Evidence in Favour of Ionic Theory 


2-1. Direct evidence. Direct evidence in favour of the 
ionic theory comes from the following studies ; 

(1) X-ray diffraction studies. X-ray diffraction studies of 
solid salts show that these are built up of ions arranged in a regular 
pattern, and not of molecules. However, since the crystal lattice 
restricts the movement of ions, the solid crystals are not good 
conductors of electricity, When a salt is fused or dissolved in an 
ionizing solvent, tbe constituent ions become free to move about. 
This is why the melts or solutions of electrolytes conduct an electic 
current, 

(2) Appearance of charges in the electrolyte solutions, A sealed 
tube containing a solution of silver nitrate, AgNOs, is clamped 
to adisc that can be rotated. 


The tube has platinum wires => 
fused at both ends which are 
connected by a special device to 7® 


a sensitive voltmeter, When the 
discs rotated at a high speed, 
the indicator of the voltmeter 
deflects perceptibly showing the 
pee of unlike Pgh at the 
two electrodes. The end of the Fig. 7-1: olving di be 
tube Dearer the edge of the disc Be ale ute vt 
is Charged-positively while that 


a 
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nearer the centre is charged negatively. This is because the heavier, 
positively charged silver ions are thrown outwards with a greater 
force and, therefore, to a greater distance from the axis of rotation 
than the lighter nitrate ions, which carry negative charge. Thus, 
there is an accumulation of the positive silver ions towards the 
edge end and of the negative nitrate ions towards the centre end of 
the tube. 

If the same experiment is performed with a solution of 
potassium iodide, KI, the edge end of the tube will be charged 
negatively owing to the accumulation of the heavier, negative iodide 
ions, and the centre end positively. 

2-2. Indirect evidence. The indirect evidence in support 
of the ionic theory comes from the explanations it offers for the 
following facts : 

(1) Electrical conductivity of acid, base, and salt solutions. 
The solutions of acids, bases, and salts contain electrically charged 
Positive and negative ions. Under the influence of an electric field 
these ions bodily move through the solution towards the electrode 
of opposite charge. At the electrodes a process of discharge 
occurs. At the negative electrode, where there is a surplus of 
electrons, the positive ions pick up enough electrons to become 
neutral atoms. At the positive electrode, where there is a shortage 
of electrons, the negative ions give up their surplus electrons to 
become neutral atoms (or radicals) at the same rate that the positive 
ions are picking them up at the negative electrode. Thus, the 
electrons continue to flow through the external circuit as readily as 
though the electrodes had been connected with a connecting wire, 
The net effect is the conduction of electric current across the 
electrodes although no current actually passes through the solution, 


(2) Large increase in osmotic pressure, freezing point lowering, 
and boiling point rise of solutions of electrolytes. Solutions of 
electrolytes exert higher osmotic pressures and show larger depre- 
ssions of freezing point or elevation of boiling point than might be 
expected on consideration of their molecular weights. The reason 
is that these properties are directly proportional to the number of 
particles of solute present (hence, these are known as colligative 
properties). Electrolytes affect the osmotic pressure and the 
freezing and boiling points abnormally because their molecules 
dissociate into ions, each ion having the same colligative effect 
as an undissociated molecule. A 1-molal solution* of any covalent 
solute in a given solvent exerts the same osmotic pressure, and gives 
a constant lowering in freezing point and rise in boiling point 
because 1 mole of any covalent substance always contains the same 
number of molecules, viz., 6°02 x 10%, and in 1000 grams of any 
solvent the number of solvent molecules will also be constant. On 
the other hand, a 1-molal solution of an electrolyte contains a much 
large number of particles owing to dissociation of molecules into 


*Molality of a solution is defined as the number of moles of solute per 
1000 grams of the solvent. A 1-molal solution contains 1 mole of the solute 
dissolved in 1000 grams of tbe solvent. 
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ions. Since, different solutes dissociate to different extent, equimolal 
solutions of different eiectrolytes cause different rise in boiling 
point or depression in freezing point, 


(3) Common properties shown by similar compounds. All 
copper (II) salts form blue solutions in water which upon electro- 
lysis give a deposit of metallic copper on the cathode. This is 
because all copper (II) salts, e.g , copper (II) sulphate, copper (II) 
chloride, etc., contain copper (II) ion, Cut*. Similarly, solutions of 
all iron (II) salts give deep blue precipitate with potassium 
ferrocyanide solution as they all contain the iron (II) ion, Fet*, 
Indicators are affected in the same way by all acid or all base 
solutions since they furnish the common H* ions or OH- ions 
respectively to the solution. It is the common H* ion or OH- ion 
Padre than the entire acid or base which affects the colour of the 
indicator. 


(4) High speed of reactions between solutions of electrolytes. 
The electrolytes, i.e., acids, bases, orsalts, dissociate into ious as 
soon as they dissolve. When solutions of different electrolytes are 
mixed, oppositely charged ions interact instantaneously because of 
hoit mutual electrical attraction. In general, such reactions occur 
when— 


(a) One of the products is only sparingly soluble and separates 
as à precipitate, e.g., reaction between AgNOs and HCI, 

Agt + NOs + H* + CI- — AgCI} + Ht + NOS 

(from AgNOs) (from HCI) 

(b) One of the products is only slightly dissociated, e.g., water 
in the neutralization reactions of acids and bases, 

Nat + OH- + H* + CI- — Nat + CI- + H:0 

(from NaOH) (from HCl) (slightly dissociated) 

(c) One of the products is volatile and escapes as a gas, 2.g., 
HS in the reaction between FeS and H$SO,. 

Fett S1- + 2H* + 50,1 —+ Fett + SO,- + H,S 4 

(from FeS) (from HaSQx) 


3. Tons and Atoms 


An ion is formed when an atom either gains or loses 1, 2, or 
3 electrons. It, therefore, contains as many electrons fewer or more 
than the corresponding atom. The main points of difference 
between ions on the one hand and neutral atoms on the other are : 

(1) Electrical charge. The atom is electrically neutral; the ion 
formed from itis electrically charged—positive if it is formed 
by the loss of electrons, negative if it is formed by the gain of 
electrons. 


(2) Existence. An ion has an independent existence in 
Solution; an atom may or may not be capable of independent 
existence. Sodium ions exist independently in water solutions of 
sodium salts; sodium atoms cannot exist in water and react with it 
to form sodium hydroxide and hydrogen. 
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-(3) Properties. The properties of ions are absolutely different 
from those of the corresponding atoms (or groups of atoms, i.e., 
radicals). For example, hydrogen-ion can be obtained in solution 
in very large quantities and affects indicators, hydrogen gas is 
insoluble in water and has no effect on indicators; chloride-ion has 
neither the colour, odour, nor any of the other properties of 
chlorine gas; NOs- ion can exist only in solution, and only while it 
is negatively charged, no neutral molecules of such a composition 
exist, and the same is true of all other compound radicals. 


4. Dissociation and Ionization 


Electrovalent compounds are composed of ions that break 
away from their crystal lattice when dissolved in water by hydra- 
tion process. This process is called electrolytic dissociation or 
simply dissociation and the compound is said to dissociate in water. 
Thus, when sodium chloride is dissolved in water, the constituent 
Na* and Cl- ions separate and become distributed independently 
in the solution. 


H:O 
NatCl- —-—» "Nat +! Cr 
crystalline dissociation 
Thus, dissociation results, not in the formation of ions, but in tbe 
separation of ions and their becoming independent of each other, 


Non-ionic electrolytes consisting of highly polar molecules 
form ions by reacting with water. The water dipoles attracied to 
the ends of the polar covalent molecule stretch the latter, moving 
its poles apart. Asa result, the polar molecüle breaks up into 
separate ions as their hydrates (Fig. 7-2). Since the ions did not 
exist in the undissolved solute, but were formed by reaction with 
water, the process is called ionization. 


Fig. 7-2. Ionization of polar covalent molecules in solution. 


The ionization of hydrogen chloride, for example, can be 
explained as follows : 


Hydrogen chloride molecules consist of hydrogen and chlorine 
atoms connected by a shared pair of electrons, i.e., a covalent bond. 
However, the more highly electronegative chlorine atom attracts 
the electrons forming the covalent bond causing the chlorine end of 
the molecule to become negative and the hydrogen end to become 
positive. The magnitude of the charge on these atoms is much 
less than of the charge on the ions and is denoted as —8 and +8 
respectively. When by drogen chloride is dissolved in water, chlorine 
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atom separates as chloride ion with both the shared electrons, The 
hydrogen. atom, deprived of its lone electron, separates as the 
hydrated ion, H3O*, called the Aydronium ion (Fig. 14-3). 


Hii: an HO: -> HOH + se 
H H i 


Fig. 7-3. The polar hydrogen chloride "molecule ionizes in water 
solution to form the hydrenium ion, H30O*, and the chloride ion, CI". 


5, Degree of Dissociation 


5-1, Measurement of degree of dissociation, The electrical 
conductivity of aa electrolyte solution is directly proportional to 
the number of ions in a given volume of it; the larger the number 
of ions the better a conductor of electricity it will be, and vice 
versa. The number of ions in the solution depends on 'the degree 
of dissociation of the solute. Hence, the electrical conductivity 
of an electrolyte solution is a measure of the degree of dissocia- 
tion of the electrolyte. The degree of dissociation can thus be 
measured by measuring the electfical conductivity. 


The degree of dissociation can also be determined by measur- 
ing the lowering of the freezing point (or elevation of the boiling 
point) caused by an electrolyte in a known quantity of solvent. If 
molal solution of an electrolyte which dissociates to give two ions 
per molecule (e.g., sodium ciiloride) freezes at —3°72°C, i e., pro- 
duces freezing point lowering equal to twice the mola! freezing 
point constant (1°86°C), it may be assumed that the solute is 


10094 ionized. 


5-2. Factors affecting degree of dissociation. The degree 
of dissociation of an electrolyte depends on the foilowing factors : 


(1) Nature of the solute, Sonic compounds dissociate almost 
completely in water solutions, and are called strong electrolytes. 
Compounds with only a slight amount of ionic character dissociate 
only to a small extent, and are called weck electrolytes. Mineral 
acids, alkalis, and most of the salts are strong electrolytes. 
Organic acids (e.g., acetic acid), some bases su. t as ammonium 
hydroxide, and a very few salts belong to the class of weak 
electrolytes. 

(2) Nature of solvent. Solvents with bigh dieizctric constants 


are highly ionizing while those with low dielectric constants are 
poorly ionizing. The highest dielectric constat among ordinary 
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solvent is that of water, 81, which is at the same time the best ioni- 
zing solvent. Formic acid, ethyl alcohol, and acetone are examples 
of other ionizing solvents, Their molecules, like those of water are 
distinctly polar. Non-polar or slightly polar solvents, such as 
benzene, ether, chloroform, etc., have low dielectric constants, In 
such solvents ionization does not occur. The same substance may 
behave as a strong electrolyte in an ionizing solvent and as a weak 
electrolyte in a non-polar solvent, or vice versa. Thus, hydrochloric 
acid is a strong electrolyte in water but a very weak electrolyte in 
organic solvents. 


(3) Effect of other solvents. The degree of dissociation of weak 
electrolytes is suppressed by the presence of a solute which gives a 
common ion For example, the degree of dissociation of ammonium 
hydroxide is lowered in the presence of ammonium chloride, which 
gives the common NH;* ion. 


(4) Concentration. The degree of ionization of electrolytes, 
especially the weak electrolytes, increases with dilution; /.e., with 
increase in volume of the solvent for a given weight of the electro- 
lyte. Ionization is almost complete at very high dilutions (infinite 
dilution). 


1 (5) Temperature. Yn general, the degree of dissociation 
increases with rise in temperature. 


6. The Interionic Attraction Theory 


A I-molal solution of sodium chloride in water freezes at 
—3'42°C, That is, the freezing point lowering of 1-molal NaCl is 
3:42*C. The molal freezing point constant of water being 1°86°C, 
the increase in lowering produced by l-molal NaCl is 156°C, or 
about 84 percent. Similarly, for the rise in boiling point, the 
increase is about 88 per cent. However, if NaCl completely disso- 
ciated according to the equation, 


NaCl > Nat + CI- 


the total concentration of particles (ions) in. 1-molal NaCl would 
be 2-molal. Inthat case, the freezing point lowering should be 
exactly twice as much as that caused by 1-molal concentration of 
anon-electrolyte That is, the freezing point lowering of 1-molal 
NaCl should be 2x 1:86*C or 3°72°C instead of 3 42°C. 


In general, the freezing point lowering or boiling point rise 
of molal solutions of strong electrolytes is never quite as large as 
that calculated for complete dissociation, Arrhenius accounted for 
this discrepancy between calculated and observed values for the 
colligative properties of solutions of electrolytes by postulating that 
electrolytes never completely dissociate, and thata certain percen- 
tage remains in molecular form. In 1-molal NaCl at its freezing 
point, for example, the salt is dissociated to the extent of 84 per 
cent. Then, for every 100 *molecules' in solution, there are formed 
184 particles (2X 84—168 ions and 16 undissociated molecules), 
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Such a solution would therefore lower the freezing point of water 
only 1 84 times instead of 2 times the molal depression for a solute- 
which does not dissociate. Similarly, it was argued that 1-molal 
solution of NaCl was 12 per cent molecular and 88 per cent ionic 
at its boiling point, which accounted for the 88 per cent rise in 
boiling point. 


The postulate of the incomplete dissociation of strong electro- 
lytes is no longer held true. X-ray evidence is convincing that most 
such compounds are already completely ionized, even in their solid. 
state. Hence, by the very nature of their structure, they must be 
completely ionized in solution. The apparent lack of complete 
dissociation in such solutions is attributed to the electrical forces 
between the ions in solution. According to this view, known as 
the interionic attraction theory of Debye and Huckel, the 
attraction between ions of opposite charge prevents them from 
behaving as totally independent particles, especially in concentrated. 
solutions. Charged ions, when ciose together in solution, alter 
each other's effectiveness or activity as independent units. Some of 
the ions tend to actasa group rather than as individual particles. 
In this way the apparent number of ions is smaller than the actual 
number, The colligative properties will be influenced accordingly. 
The more dilute the solution, the farther apart the oppositely 
charged ions and the less the interionic attraction. Thus, the 
apparent degree of dissociation increases with dilution. Water 
solutions of various concentrations of sodium chloride, for example, 
give the molal freezing point lowerings shown in Table 14-1. 


Table 14-1 M olal freezing point lowerings im 

water solutions of sodium chloride 

Concentration of NaCl Freezing point loweringl' 

in water solution mole NaCl, °C 

0:10M 3°48 
0 010M 3°60 
0°0010M ] 3'66 
0'00,010M 372 


6-1. Activity coefficients, Because of the interionic forces 
of attraction, the effective concentration or activity of the ions is 
less than the molar concentration of the electrolyte. The ratio of 
theactivity of an ion to its concentration is called the activity 
coefficient. The activity coefficient approaches unity with 
increasing dilution, For many common ions, the activity coeflici- 
ents range from about 0'9 in 0°01M solutions to about 0'7 in 02M 
solutions, For a 0'1M solution of sodium chloride, the activity 
coefficient is 0:8; the activity of the ions is 0°8 x0°1M, or 0°08M. 
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7. Ionic Equilibria 


Strong electrolytes are completely in the ionic condition in 
aqueous solutions. As such, the ion concentrations in the aqueous 
solution of a strong electrolyte may be found directly from the 
molar concentration of the solution. For example, in a 0'001M 
solution of soddium chloride (NaCi—Na*-4-CI-), the sodium ion 
concentration, [Na*], is equal to the chloride ion concentration, 
[CI-j. and both concentrations have the value 0'001M, or 1 X 10-9M. 
In a 0:001M solution of sodium sulphate (NasSO, = 2Na*-4-SO,*-), 
on the other hand, the sodium ion concentration, [Nat] is 
2x0:0001M or 2x10-?M and the sulphate ion concentration, 
[SO,*-] is 0001M or 1x10-?M. This is because each sodium 
sulphate molecule dissociates to give two sodium ions but only one 
sulphate ion. 


Solutions of weak electrolytes contain both the free ions and 
the non-ionized molecules of the electrolyte, and a condition of 
equilibrium exists between the two. Such an equilibrium may be 
expressed as 

AB = At+B- 
To such a system in equilibrium the law of mass action (Chapter'6) 
may be applied. 
8. Ostwald’s Dilution Law 

Consider a solution containing one mole of weak binary 
electrolyte AB in V litres of solution. Let a be the fraction of AB 
dissociated at this dilution, so that the non-dissociated fraction 
will be 1—a, 

AB = At + B- 
Amount present at equilibrium : (1—9) mole « mole « mole 


Concentration at equilibrium : a9 mole/l = mole/l = moie/! 


Applying the law of mass action, 


AT ]... constant, at constant temperature. 
Or, substituting the values of [A*], [B-], and [AB], 
« a 


v Vide SSH MIU Oo ataint K 
Dm (l+@V_ (at constant temperature) 


a rh patrigs 
ion arọ = resses the relationship betw! 

The equation ay K expresse re p i een 
the degree of dissociation of a weak electrolyte and its dilution, 
and is the mathematical form of Ostwald's dilution law. The cons- 
tant K is known as the dissociation constant of the weak electrolyte 
at that temperature. Its value is characteristic of every electrolyte, 
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and characterizes its ability to dissociate, The higher the value of 
K, the more the electrolyte is dissociated, 


9. Strengths of Acids and Bases 


The strength of an acid or a base depends upon its degree of 
dissociation; higher the degree of dissociation, the greater the 
strength, and vice versa. For most weak acids and bases at mode- 
rate dillutions the degree of dissociation, d, is very small, and so 


(1—4) in the equatioh ase E may be taken as unity. The 


expression then becomes 

at 

fn is f= 

y K o, a@t=KV 

so that a=s/ KV 

Thus, the degree of dissociation, i.e., the strength of a weak acid 
(or a weak base) is proportional to the square root of its dissocia- 
tion constant. The dissociation constant, K is generally preferred 
to the degree of dissociation as an index of the strength of an acid 
or a base because its value does not vary with concentration, Thus 
the relative strengths of weak acids and bases can be determined 
by comparing the values of their dissociation constants at the same 
temperature. In the case af acetic acid and hydrocyanic acid the 
dissociation constants at 25*C are as follows : 


Acetic acid ; CHls.COOH = CHs.COO- + H+ 


+ 
ee "Kongcoon 178 x 1075 


Hydrocyanic acid : HCN = H* 4- CN- 
(H*IICN7] .. . 
[HCN] Kuox=4'1 x 10719 
This shows that acetic acid is a much stronger acid than hydro- 
cyanic acid, 

The dissociation constants of a few weak acids are given in 
Table 7-1. As the size of the constant increases, the degree of 
dissociation and, hence, the strength of the acid increases, Thus, 
HF is the strengest and HCN the weakest acid in the list. 

Table 7-1 Dissoclation constants of some weak acids 
Acid Dissociation K at 25°C 


Hydrocynic acid HCN * H*++GN- 4°1x 10710 
Hypochlorous acid HCIO æ Ht+Cio~ 5'6x1079 
Acetic acid CH3.COOH = H*-- 6Hs.COO^ 18x105 
Formic acid H.COOH # H*++H.COO~ 18x107* 
Nitrous acid HNO: «* H*--NO27 4'5x107* 
Hydrotluoric acid HF * H**7 T2x10-F* 


ayaene 
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9-1. Strength of an acid and dilution. The expression 
a= KÝ derived above means that the degree of dissociation of 
a weak electrolyte.is proportional to the square roo! of dilution, 
The data in Table 7-2 shows that the extent to which acetic acid, 
a weak electrolyte, dissociates increases with decreasing concentra- 
tion, i.e., with increasing dilution. 


‘Table 7-2 Dissociation of acetic acid 
at different concentrations 


ee ee eee aaa 
Molarity % Dissoclated [H+] and [CHsCOO"] [CHs,COOH] K 


01 rA 0700134 009866 — 182x105 
0'08 150 000120 007880 — 1'83x1075 
0°03 245 0000735 002926 — 1'85x10-5 
001 415 0000415 0009585 — 1'80x1075 


10. Ionic Product of Water 


Though a very poor conductor of electricity, pure water still 
has a very slight but measurable conductivity. This is because 
water does dissociate, though extremely slightly, according to the 


equation 


eem Hou " H 
5 mH S| OHOH SOH + "OH 


H,O + H,O = H,O* + OH-* 


Fig. 7-4, Self dissociation of water. 
Or, more simply : 
H:O «jHt+ + OH- 
“The self-dissociation of water is analogous to the ionization of hydrogen 
chloride in water, and involves the rupture of tbe H—O bond in Erie 
molecale by interaction with another water molecule. 


Ionization of HCl: HaO  H Cl e HaO+ + CI- 


Ionization of HsO : H20 + HÈ O—H e H3O* OH- 
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Applying the law of mass action to the ionization of water 
HHOH] g 
[H30j 
5 [H+] [OH-]—K[H:O] 


However, the dissociation of water into ions occurs to such a 
small extent that even if it is increased a thousandfold, there will 
be negligible precentage change in the value of [HgO]. Therefore, 
the concentration of undissociated water, [H3O], may be regarded 
as constant : 

; [H*] [OH-j—X x constant=K w 


The constant Kw is known as the ionic product for water. 


Since water dissociates to give the same number of hydrogen 
and hydroxy! ions, the concentration of these two ions must 
necessarily be the same in pure water. Electrical conductivity 
measurements show that this concentration is 107" gram ions per 
litre at 25°C. Therefore, the value of Ky at 25°C is 10-? x 107? or 
1x1034,. The value of Kw increases rapidly with temperature 
and at 100°C is approximately 5x 10743, about 50 times as large 
as at 25°C, This means that the degree of dissociation of water 
and the concentration of H* and OH- ions increase with rising 
temperature. 


Wherever water is involved, whether pure or as solvent, in 
dilute solution of acids, bases, or salts, the ionic product Kw 
applies. If the concentration of H* ions in increased by the addi- 
tion of an acid, the concentration of OH- ions will decrease and, 
similarly, if the concentration of OH- ions is increased by the 
addition. of an alkali, that of H* ions will decrease so that the 
product [H+] [OH-] has the same constant value 10-™ at 25°C. 
Thus, if we know the molar H+ concentration, we can. calculate 
the OH- concentration, and vice versa. For example, if an alkali 
is added to water, raising the concentration of OH- ions to 10-5. 
the concentration of H* ions will become : 

-14 
[H= 10-9 
It is also.clear from this that in any solution in which water is a 
solvent, both H* and OH- ions are present, even in concentrated 
acid or concentrated alkali solutions. Solutions in which the con- 
centration of hydrogen and hydroxyl-ions is the same and equals 
10-7 gram-ions per litre are called neutral solutions. In acid 
solutions the concentration of hydrogen-ion is higher; in alkaline 
solutions the concentration of hydroxyl-ion is higher. 


11. The pH 


The concentration of the hydrogen ion is not only a measure 
of acidity of a solution but also of its basicity, since the hydroxyl ion 
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T] 
concentration can be deduced from the relationship [08-1 


at 25°C, Instead of expressing the hydrogen ion concentration by 
actual values, it is more convenient to express it in terms of the 
negative logarithm of the concentration. The negative logarithm 
of the hydrogen ion concentration is called the pH of the solution. 
Expressed mathematically, 


PH=—log [H+] 


} 1 

or, pH 

In words, tbe pH is the logarithm to the base 10 of the reciprocal 
of the hydrogen ion concentration, [H+]. The object of using the 
reciprocal of the H+ ion concentration is to obtain a scale on 
which all the values normally encountered are positive, 


Example 1. Find the pH of a solution whote h ydrogen ion concentration 
is 2x 076 M 


pH- —log [H+] 
=—log [2 x 1076] 
(log 2+log 1076) 
—(0°3+6) from the table of logarithm to the base 10 
—-(—57) 
=5'7, 
Example 2. Calculate the hydrogen ion concentration of a solution whose 
PH is 4°25, 


pH=—log [H+] =4'25 
or, log ((H+]=—4°25 
Since logarithm tables contain only positive mantissas, we must work 
—4'25 as —5+0'75. Then 
log (H*]=0°75—5 
[H*]- antilog of (0°75—5) 
[H+] =(antilog of 0°75) x (antilog of —5) 
[H*]256x1075 
That is, the hydrogen ion concentration corresponding to the pH of 4'25 is 
5°6 x 1075 moles per litre. 

In neutral solutions (H+]=10~-and therefore, pH=7, Acidic 
solutions have a higher concentration of H* ions and, therefore, 
their pH values are less than 7; the more acidic the solution, the 
smaller is its pH. In alkaline solutions, pH is more than 7 and 
the higher the alkalinity, the larger it is, It must be noted that the 
PH scale being logarithmic, a change of only one unit corresponds 
to a tenfold change in the hydrogen ion concentration, 


12. Indicators 


Certain organic substances exhibit a change of colour in 
dilute solution when the pH of the solution changes. For example 
phenolphthalein is colourless in aqueous solutions having pH less 
than 9, but shows pink colour in solutions having a higher pH. 
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Similarly, methyl orange shows red colour in aqueous solutions 
having pH up to 3'1 and yellow [colour in solutions having pH 
higher than 4'4. Substances like phenolphthalein are called acid- 
base indicators or pH indicators. 

pH indicators are either weak organic acids or weak organic 
bases which dissociate to give an ion of a colour different from the 
colour of the undissociated form. For example, methyl orange is 
red in the undissociated form but dissociates to give àn anion which 
is yellow. If methyl orange, a weak acid, is shown by the formula. 
Hin, its dissociation may be represented by tbe equation 

Hin = Ht + fn- 

red yellow 
In a strongly acidic solution (high concentration of Ht), the equili- 
brium will be shifted towards the undissociated form, HIn, in 
accordance with thc law of mass action, and red colour would 

dominate, In a solution with a low concentration of H* ions 

the equilibrium shifts to the right so that the yellow colour of the 
anion In- is observed. In any given solution, the colour exhibited 
by the indicator is determined by the ratio of the concentrations 
of the undissociated form and the coloured ion. When the pH of 
the solution is 3:1, about 90 per cent of the indicator is present in 
the red form and 10 per cent is present in the yellow form. The 
colour of the solution is seen red. With further increase in the 
pH, the concentration of the red form will increase. However, no 
colour change will be observed since the eye cannot detcet any 
colour change if the ratio of the concentration of the two types of 
coloured particles is more than, 10:1. 

Ata pH of 4'4 about 90 per cent of methyl orange is in the 
form of the yellow ion, and the colour of the solution is yellow. 
Further increase in pH does not change the colour despite an in- 
crease in the concentration of the yellow form for the reason 
mentioned above. The pH range 3'1 to 4'4 is called the colour- 
change interval of the indicator. It is between these two pH 
values that any pronounced colour change takes place, 

A large number of acid-base indicators are known which 
change colour over {widely different ranges of pH values (Table 
15:3). By using a number of indicators, and by a process of 
alimination, the pH of a solution can be fixed within rather narrow 
imits. 


Table 7-3 Some acid-base Indicators 
Indicator Colour in the more pH pange Colour in the more 
acid range basic range 
Thymol blue pink 1'2—2'8 yellow 
Methyl orange pink 3'1—44 yellow 
Methyl red red 44—63 yellow 
Litmus red 47—8'2 blue 
Phenolphthalein colourless 83—100 pink 
Tbymolphthalein colourless 9'3—10:5 blue 
Alizarin yellow colourless 101—121 yellow 
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: The measurement and control of pH are important in scientific 
investigations, in industry, and in agriculture, The separation and 
identification of many of the metallic ions depend on the pH of the: 
solutions in which they are present. $ 


. 12-1. The choice of a pH indicator in titration. The 
suitable pH indicators for various types of titrations (neutralization 
reactions) are shown in Table 7-4. 


Table 7-4 Suitable neutralisation indicators 
Type of titration Suitable indicator 

1. Strong acid—strong base Any indicator 

2. Weak acid—strong base Phenolphthalein 

3, Strong acid—weak base Methyl orange or methyl red 

4. Weak acid—weak base No indicator is satisfactory 


13. Hydrolysis of Salts 


An aqueous solution of a salt of a strong acid and a strong 
base, e.g., sodium chloride, has a pH of about 7 and is therefore 
neutral. However, salts of strong acids and weak bases, e.g. 
ammonium chloride, give acidic solutions when dissolved in water 
while the salts of weak acids and strong bases, e.g., sodium acetate, 
give alkaline solutions. Obviously, the ions of these types of salts 
react with water in such a way that either the H+ ions or the OH- 
ions formed by the self-dissociation of water are removed, causing 
the other ion to be in excess, 

The interaction of a salt with water accompanied by a change 
in hs concentratlon of the ions of water is called hydrolysis of that 
sait. 


Consider a salt MA made from the base MOH and the acid 
HA dissociating in aqueous solution according to the equation 
MA = M* + A- D) 
(M* stands for the metal ion, and A- for the anion) 
The solveni water also dissociates to a very small extent : 
H,O = H* + OH- <. (2) 
These four types of ions in solution give rise to two further 
equilibria : " 

M+ + OH- = MOH (3) 
and, H* + A- HA ..(4) 
Whether the resulting solution will be acidic or alkaline will depend 
on the relative strengths of the base MOH and the acid HA from 
which the salt MA is derived. Thus, in discussing the phenomenon 
of hydrolysis, four types of salts need consideration. 


Type 1. Salts of weak acids and strong bases. The hydrolysis 
of this type of salts may be illustrated by the example of sodium 
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acetate, CHs,COONa. It is the salt of the strong base NaOH and 
the weak acid CH3.COOH (acetic acid). When dissolved in water, 
sodium acetate dissociates completely into Na* and CHs.COO- 
ions. 


CHs.COONa = Nat + CH$COO- 

sodium acetate sodium ion acetate ion 
In addition, the solution also contains small amounts of H+ and 
OH- ions from the feeble dissociation of water, Since sodium 
hydroxide is a strong base and completely dissociates into Na* 
and OH- ions, the final condition with regard to these two ions 
remains unchanged. On the other hand, acetic acid is a very weak 
acid and, therefore, CHs,COO- ions combine with the H* ions to 
form undissociated .CH3.COOH molecules. The removal of H* ions 
in this manner causes the equilibrium between the molecules of 
water and its ions 

H,O = H+ + OH- 


to shift to the right so that more H+ and OH- ions are formed. 
The net result is that there is a certain excess of OH- ions in 
solution which, therefore, reacts alkaline. The net reaction may be 
expressed by the ionic equation 


CHs.COO- + H40 = CH;.COOH + OH- 
or in the molecular form, 
CH;.COONa + H:O = CH;.COOH + NaOH 


Salts of weak acids and strong bases, then, hydrolyse by the 
interaction of their anions which water asa result of which the 
parent acid and base are produced. The extent of hydrolysis 
depends on the relative strength (or weakness) of the parent acid. 
The weaker the acid, the greater the hydrolysis because of the 
greater tendency to form the undissociated molecules of the acid. 

Other examples of this type of salts are sodium carbonate 
(Na3COs), potassium cyanide (KCN), sodium hypochlorite (NaClO), 
etc. The reactions of the anions of these salts with water can be 
represented by the following ionic equations : 


CO;*- + H;0 = HCO;- + OH- 
CN- + H,O = HCN + OH- 
CIO- + H:O = HCIO + OH-, respectively. 


Type 2. Salts of strong acids and weak bases. In this type of 
salts the conditions are just reverse of those for type 1. Here the 
cations of the salts combine with the hydroxyl ions of water, while 
the anions remain free. Consider the hydrolysis of ammonium 
chloride, NH,Cl, a salt of a weak base NH,OH and a strong acid 
HCl. When dissolved in water, it dissociates into NH,* ions and 
Ci- ions. The.NH,;* ions combine with the OH- ions of water to 
produce undissociated NH,OH. There is, however, uo permanent 
Jirile-up between the H+ and Cl- ions since the corresponding acid, 


IONIC THEORY AND IONIC EQUILIBRIA 201 


HCI, is 100 per cent ionised in solution. The removal of OH- ions - 
from the solution by the NH4* ions causes the equilibrium 
H20 e Ht + OH- 
to shift to the right. As a result, an excess of H+ ionsis left in the 
solution which, therefore, becomes acidic. The reaction that takes 
place is represented by the ionic equation 
NH4* + H20 = NH40H + H+ 
or, in the molecular form 
NH4CI -+ H20 = NH40H + HCI. 


In the case of such salts, the weaker the parent base, the greater 
will be the extent of hydrolysis because of the weaker tendency of 
the base to dissociate. 


: Two more examples of salts of this type are copper (II) chloride 
. and iron (III) chloride. The hydrolysis of copper (If) chloride is 
represented by the ionic equation 


Cu?* + H20 = Cu(OH)* + H- 
or, in the molecular form 
CuCle + H30 = Cu(OH)CI + HCI. 
In the case of iron (III) chloride, the hydrolysis may be expressed as 
Fe3+ + 3H20 = Fe(OH)s + 3H* 
or, FeCls + 3H30 = Fe(OH)s + 3HCI 


Type 3. Salts of weak acids and weak bases. Both the anion 
and cation of the salt of this type react with the water to produce 
OH- and H* ions respectively. Strong hydrolysis therefore occurs 
in water solution. Whether the solution of such a salt will be acidic 
or basic will depend upon the relative strengths of the parent base and 
the parent acid formed. Should the parent base be comparatively 
stronger than the parent acid, the solution will be basic, and vice versa. 
Should the two be equally strong, the solution will be neutral. Thus, 
the solution of calcium acetate, (CHs.COO)sCa, is slightly basic, that 
of ammonium formate, H.COONHsg, is slightly acidic, and that of 
ammonium acetate, CHs.COONH,, is very nearly neutral. The hydro- 
lysis of ammonium acetate may be represented by the equation 

NHi4* + CH3.COO- + H20 = NH40H + CHs.COOH. 


Salts of this type are difficult to keep éven in air as they react 
with the atmospheric moisture, and hydrolyse. This is why odours 
of both ammonia (by the decomposition of NH4OH) and acetic acid 
are perceived when ammonium acetate is exposed to air. 


Type 4. Salts of strong acids and strong bases. Salts of this 
type, e.g., sodium chloride, sodium sulphate, potassium nitrate, 
ete., do not undergo hydrolysis, and form neutral solutions in water. 
This is because the ions of such salts do not react with water. Thus 
in the case of sodium chloride neither the Na* ions combine with 
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the OH- ions of the water nor do the Cl- ions combine with the 
H* ions. Therefore, the concentrations of both hydrogen ion and 
hydroxyl ion in solution remain the same as in pure water, and the 
solution behaves neutral. 


14. Common-Ion Effect 


: Consider the dissociation of ammonium hydroxide, a weak 
ase : 


NH,OH = NH,* + OH- 
The equilibrium constant of this dissociation reaction 


INH;*] [OH] 
Kxzon -INKOR 


has a constant value at any given temperature, 


Suppose some ammonium chloride is added to the ammoniuur 
hydroxide solution, Since ammonium chloride is completely disso- 
ciated in solution, a very small quantity of this salt will cause 
enormous increase in the NH,* ion concentration. This affects the 
equilibrium between the undissociated NH,OH molecules and its 
component ions. As a consequence NH,* and OH- ions combine 

+ " 
to form undissociated NH,OH until the expression NET 


is again equal to Kxx,ox at that temperature. That is, the con- 
centration of OH- ions in solution and the extent of dissociation 
ofammonium hydroxide is decreased. Thus, adding ammonium 
chloride, which has the NH,* ion common with ammonium hydro- 
xide, reduces'the basicity (i.e., the OH- ion concentration) of the 
solution without changing the total quantity of the base. 


The decrease in the degree of dissociation of a weak electrolyte 
caused by the introduction of an ion in. common with the electrolyte 
is said to be the result of the common ion effect. 


Similarly, the dissociation of hydrogen sulphide—a weak acid, 
is'suppressed in the presence of hydrochloric acid. The latter 
being a very strong acid completely dissociates to give a high con- 
centration of H* ion, causing the equilibrium 


ALS «^ 2H* + se 
to shift to the left. The concentration of the free S*- ions in solu- 
tion is thus greatly lowered. 


It may be noted that the results of common-ion effect can be 
correctly predicted and explained by applying the Le Chatelier's 
principle to the ionic equilibria under consideration. 
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141. Some spplications of common-ion effect* (1) The 
suppression of the dissociation of hydrogen sulphide (or, hydro- 
sulphuric acid) by using hydrochloric acid and of ammonium 
hydroxide by using ammonium chloride forms the basis of separat- 
ing the sulphides and hydroxides of the metals in various groups in 
the systematic scheme of qualitative analysis. 

(2) In the gravimetric estimation of silver by precipitating 
Ag* ions as AgCl, excess of CI- ions is added to ensure maximum 
precipitation of AgCI. The extra CI- ions shift the equilibrium in 
a saturated solution of AgCl 

AgCl = Agt + CI- 
to the left, so that most of the Ag* ions are precipitated as AgCI. 


15. Buffer Solutions 


Good use is made of the common-ion effect in the preparation 
of buffer solutions. These are solutions which resist changes in pH 
upon dilution or upon addition of small amounts of either strong acid 
or strong base. Commonly used buffer solutions are mixtures of 
either weak acids and their salts with strong bases, e.g., acetic acid 
and sodium acetate, or of weak bases and their salts with strong 
acids, e.g., ammonium hydroxide and ammonium chloride, 

To understand how a buffer solution works consider a solu- 
tion containing acetic acid and sodium acetate. Since acetic acid 
dissociates only#feebly** and sodium acetate is completely dissocia- 
ted, the solution will have relatively large amounts of sodium ions, 
acetate ions, and undissociated acetic acid molecules, and only a. 
small amount of H* ions. 

CH;.COONa — Nat + CHs.COO-(100% dissociation) 


Relative concn. high high 
CH$.COOH «& H* + CH3.COO- (slight dissociation). 
Relative concn. high low low 


When a strong acid such as HCI is added to this buffer, the added: 
H+ ions combine with the large reserve of CH3.COO™ ions present. 
causing the second equilibrium to shift to the left, This effectively 
reduces the H* ion concentration again. On the other hand, when 
a strong base such as NaOH is added, the H* ions from the acid 
combine with the OH- ions introduced to form undissociated 
molecules of water. The second equilibrium thereby shifts to the 
right and more H* ions are produced by the dissociation of acetic 


*The precipitation of pure sodium chloride by passing hydrogen chloride: 
through a saturated solution of the former is often quoted as an example of the 
common-ion effect (tbe common jon being C1"). However, the common-ion. 
effect is not the only reason since sodium chloride is also precipitated by 
passing hydrogen bromide through the solution The more important reason. 
is that a considerable quantity of water molecules is used up in solvating the 
ion produced when these highly soluble gases dissolve in water so that the 
effective concentration of sodium chloride in the solution is increased. 
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acid. Thus, in both cases the low concentration of H* ions, /,e., the 
PH of the solution, remains nearly the same. As long as appreci- 
able amounts of CHs.COO- and CHs.COOH are present, the 


System will serve as a buffer. 


The chief use of buffer solutions in the laboratory is for making 
solutions of known and constant pH values. The pH values of such 
Solutions do not change by the dissolution of atmospheric carbon 
dioxide (an acidic gas) or of alkali from the glass vessel. Bya 
suitable choice of substances it is possible to prepare buffer solu- 
tions of any desired pH between 1 and 13. Some buffer pairs that 
find extensive applications are phthalic acid—potassium hydrogen 
phthalate, acetic acid—sodium acetate, boric acid—borax (sodium 
tetraborate), and sodium hydroxide—borax. Human blood con- 
tains a highly effective buffer mixture of carbonic acid (dissolved 
carbon dioxide) and its salt sodium hydrogen carbonate (NaHCOs), 
When excess H* ion enters the blood stream it is removed by the 
reaction 


H+ + HCO;- > HCO; 


and when excess alkali is formed, itis eliminated by the reaction. 
OH- + H;CO; > H:O + HCO,- 


The pH of the blood thus remains very nearly 7°35 (slightly alka- 
line), and a change of +0'5 would probably be fatai. Buffer 
Solutions are widely used in processed foods and drinks so that 
they would not cause excessive aeidity, 


16. Solubility Product 


Every ionic compound, howsoever insoluble in water it may 
seem fo he, still dissolves in it to some measureable extent If the 
compound jis in contact with water long enough, a saturated solu- 
tion of its ions is formed which is in equilibrium with the undiss- 
olved solid. At equilibrium the solid continues to dissolve at the 
Same rate at which the opposite process of recrystallization is 
taking place. This can be represented by a reversible equation. 
For example, in a saturated solution of silver chloride in equilibrium 
' with some solid silver chloride : 

dissolution 
AgC] (solid) = Agt + CI- (in saturated solution) 
recrystallization 


Applying the law of mass action to this system, we get 


[Ag*] [Ct]. k 
[AgCI] i 
Or, [Ag*] [CI-] =K, x[AgCI]. 


Because the concentration of the solid silver chloride is constant at 
constant temperature, the two constants may be lumped together 
to obtain a new constant. That is, 


[Agt] [Ci-] = K. x constant = Kep 
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The new constant K,, is called the solubility product since its 
value characterizes the ability of the compound to dissolve. It may 
be defined as follows : 


The product of the concentrations of the ions of a slightly. 
soluble electrolyte in its saturated solution is constant at a given 
temperature, and is called the solubility product of that electrolyte. 


If the slightly soluble electrclyte contains more than one ion 
of one kind in its formula, the concentration of that ion is raised 
to the corresponding power in its solubility product expression. 
For example, in the case of Mg(OH)s, 


Mg(OH): = Mgt* + 20H75; Ksp = [Mg?*] [OH]? 
and in the case of calcium phosphate, Cas(PO.)s, 
Cas(PO;)s = 3Ca® + 2PO7; Kip = [Cat*]* [PO]. 


The solubility product principle is valid only for slightly 
soluble electrolytes and does not hold for moderately soluble salts 
such as sodium chloride, silver nitrate, etc, The ion concentrations 
in the saturated solutions of such compounds are always very small, 
and when squared or cubed yield stil] smaller numbers. Therefore, 
the numerical value of solubility product is always very small, 
rarely exceeding 107? and being as low as 1:6 x 1077* for BisSg. 


16-1. Applications of solubility product. The solubility 
product indicates the maximum value of the ionic product in the 
solution of a slightly soluble electrolyte, Two conclusions may be 
drawn from this : 


(i) When the product of the ion concentrations exceeds the 
solubility product for a given compound in a solution, some of it is 
precipitated so that the ion concentrations decrease. Precipitation 
occurs until the product of the ionic concentrations falls to the 
value of the solubility product of the compound. Hence, in order 
to precipitate a slightly soluble electrolyte, its ions must be brought 
together in the same solution in such quantities that the product of 
the ion concentrations, raised to the appropriate powers, exceeds 
the solubility product of the compound. 


(ii) When tbe product of the ion concentrations is less than 
the solubility product, the solution is unsaturated and the subs- 
tance will remain in solution. 

The applications of solubility product to qualitative and 
quantitative analysis, described below, are based on the above 
conclusions. 

1. Division of cations in groups. The division of cations 
in six groups in the qualitative analysis is based on the considera- 
tion of solubility products of their slightly soluble salts, For 
example, when HCI is added to a solution containing various metal 
cations, the solubility products of only AgCl, HgsCl;, and PbCI, 
are exceeded which are precipitated, Hence, the cations Ag*, Hg.** 
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and Pb?* are placed in a separate group, viz., group I. In the same 
way, other cations have been placed in other groups. 


2. Precipitation of sulphides. If HS is passed through a 
solution containing cations other than those of group I, the solu- 
bility products of all metal sulphides (which do not undergo hydro- 
lysis) are exceeded, and all of them are precipitated, If some HCI is 
added to the solution before passing HsS, the S?- ion concentration 
i$ greatly decreased due to the common-ion effect. At the decreased 
concentration of the S*- ion, the ionic product of metal sulphides, 
[M?*] [S?-], becomes less than the solubility products of FeS, MnS, 
ZnS, NiS, and CoS. These sulphides are, therefore, not precipitated. 
The sulphides of Pb'*, Hg**, Bi$*, Cu®+, Cd?*, Sn**, As3+, and Sb8 
are precipitated as their soiubility products are still exceeded by the 
product of ionic concentrations, These cations constitute group II 
of the qualitative analysis. 


The cations Mn**, Zn*+, Ni**, and Co** are precipitated as 
their sulphides in group IV when HsS is passed through ammoniacal 
solution. The S*- ion concentration from HS under this conditions 
is high enough for the product of ionic concentrations to exceed the 
solubility products of these metal sulphides. These cations consti- 
tute group IV of the qualitative analysis. 


The description given above will be clear from the values of 
the solubility products of some metal sulphides given in Table 7-5. 


Table 7-5 Soiubility products of some metal Sulphides at 25°C 


Metal Sulphide Solubility product | Metal Sulphide Solubility product 


3. Precipitation of hydroxides. The cations Fe5*, AIP*, 
and Cr% are precipitated as their hydroxides in group III by adding 
NH,OH to the solution to which NH,Cl has been added. In the 
presence of NH,€l, the OH- concentration from NH,OH is greatly 
reduced due to the common-ion effect. At the reduced concentra- 
tion of the OH-ion, only the metal hydroxides of very low solubi- 
lity products, viz., Fe(OH)s, AI(OH)s, and Cr(OH);) are precipitated 
The hydroxides of group IV cations (Zn*+, Mn*t, Ni?*, Cott) and 
Mg?* are not precipitated as their solubility products are very high. 

4. Precipitation for gravimetric estimations, In gravi- 
metric estimations, an excess of the precipitating agent is always 
added to the solution to ensure complete precipitation. For example, 
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if in the precipitation of barium sulphate by the addition of sulphu- 
ric acid (Bat*--SO,?-— BaSO, | ), the latter is added in equivalent 
amount, a small quantity of BaSO, will be left hehind in solution. 
If sulphuric acid is added in excess, the product of ionic concen- 
trations, [Bat®] [SO4*-] far exceeds the solubility product of BaSO,, 
causing a more complete precipitation. 


5. Fractional precipitation. When two cations form 
sparingly soluble compounds with the same anion, or when two 
anions form sparingly soluble compounds with the same cation, 
the compound with a lower value of solubility product will 
precipitate first on the addition of the precipitant to a sultion 
containing both. Consider a solution containing both Cl” and 
I- ions. When silver nitrate is added, silver iodide (K,5— 1*5 x 10715) 
is precipitated first, and only after most of the jodide is pre- 
cipitated does silver chloride (K,p=1°2 x 10729) begin to precipitate, 


Questions 


I. Ionic Theory 

1. List four differences in behaviour between solutions of electrolytes and 
non-electrolytes. 

2. Account for the electrical neutrality of the solutions ef electrolytes. 


3. What are the main points of Arrhenius' Ionic Theory ? 


4. Show, by means of equations, the dissociation of phosphoric acid 
(HsPO4) in aqueous solutions. 

5. How does a hydronium ion differ from a hydrogen ion ? How is the 
bydronium ion produced ? 

6. Solutions of electrolytes exert higher osmotic pressure and show larger 
depression of freezing point or elevation of boiling point than solutions 
of non-electrolytes of the same molality. Explain the apparently anomalous 
behaviour of electrolytes in solution. 

7. How does the electrical conductivity of the solutions of electrelytes 
provide an evidence in favour of the ionic theory 2 

8. Explain the reason why the reactions occuring between electrolytes in 
water solutions are very fast while those involving non-clectrolytes are usually 
slow, 

9. Why are the ions generally less reactive than the atoms from which 
they are formed ? 

We a Distinguish between electrolytic dissociation and ienization with the 
aid of suitable examples. 
11. Dry liquid hydrogen chloride is a non-conductor of electricity whereas 
the same substance in aqueous solution is a conductor, Explain, d 
i e What factors affect the degree of dissociation of electrolytes, and 
iow 

13. Account for the fact that if sodium chloride is completely dissociated 
in aqueous solution, why does a molal solution of NaCl in water does not 
cause exactly twice the rise in boiling point or twice the {lowering of freezing 
point of a molal sugar solution. 

14. Explain with the aid of suitable examples the meaning ofterm activity 
coefficient. 
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15. Explain the following facts : 


(a) A 1M solution of CHs.COOH (acetic acid) conducts the current 
much more feebly than does a 1M solution of HCI. 


e A 1M solution of MgClz has a lower freezing point than a 1M solution 
of NaCl. 


(c) A 1M solution of KBr has the same freezing point as a 1M solution 
of NaCl, 


. (d) 1M solutions oí ethyl aicohol and glycerol have the same freezing 
point. 


, 16. Which will be a better conductor of electricity concentrated HaSO4 or 
dilute HeSO4, and why ? 
17. How does the ionic theory explain why all acid or all basic solutions, 
regardless of formula, affect indicators in the same way ? 
18. How do you explain the fact that zinc wili readily liberate hydrogen 
from cold, dilute H3SO4 but not from cold, conc. H2S04. 


19. Account for the fact that silver nitrate solution gives a precipitate of 
silver chloride with sodium chloride tut not with ethyl chloride. 


20. Why is it that the apparent degree of dissociation of a strong electro- 
lyte approaches 100 per cent as the solution is made more dilute ? 


21. Why do not the crystalline ionic compounds conduct electricity 
although they are 100 per cent ionized ? 
I. Ionic Equilibria 

22. Give the mathematical form of Ostwald's Dilution Law and state 


what the various symbols in it stand for, What is the significance of the 
dissociation constant ? 


23. Explain by applying Ostwald's Dilution Law why the strength of a 
weak acid or a weak base increases with dilution. 


24. Why does the law of chemical equilibrium apply to solutions of weak 
electrolytes but not to solutions of strong electrolytes ? 


25. Show by means of electron-dot formulae the self-dissociation of 
water. 7 Give the expression for the ionic product of water and state its value 
at 25°C. 


26. How is the ionic product of water affected when an acid or a base is 
dissolved in water ? Explain your aaswer. 


27. What is the concentration of H+ ion in pure water ? Of OH- ion? 


28. Define the pH. What is the pH of a neutral solution? Whatis th 
value of the pH in an acid solution ? In a basic solution ? 


29, Discuss the action of acid-base indicators with particular refere: > to 
metbyl orange. 
30, Name your choice of a pH indicator in titration involving 


(a) strong acid—strong base, 
(b) weak acid—strong base, 
(c) strong acid—weak base, 
(d) weak acid—weak base. 
31. Define hydrolysis, Explain the hydrolysis of the various types of salts 
by means of chemical equations only. 
32. What types of salts do not hydrolyze and why ? 
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33. Without removing any solute (a) what could you add to reduce the 
NH.* ion concentration in a solutions of NH4OH ? (b). What would you add 


to reduce the OH- ion concentration? (n) What name is associated with this 
process ? 


34. How does the pH of a solution containing both acetic acid and 
sudium acetate compare with tnat of a solution containing thé same concen- 
tration cf acetic acid alone ? Explain your answer. 


35. Siate two applications of the common-ion effect in qualitative 
analysis. 


36. What constitutes a buffer solution ? How does a buffer solution resist 


changes in pH upon addition of small amounts of either strong acid or strong 
base ? 


37. Of what practical value are buffer solutions ? 


38. Which way would the pH shift when eacb of the following is added 
to the pure water : 


CaO, KCI, NH4CI; CuSO4, COs, sodium acetate ? 


39. Explain why a IM acetic acid solution has a higher pH than a IM 
hydrochloric acid solution. 


40. A saturated solution of a slightly soluble clectrolyte in contact with 
some solid electrolyte is a system in equilibrium. Explain. 


4l. Define ‘solubility product’, Write the expression for 
product of each of the following slightly soluble electrolytes : 


AgBr, Bas(PO4)e, Ag2S, and PbCle. 


the solubility 


Key 


1. (i) Solutions of electrolytes conduct electric current, of non-electro- 
lytes do not, 


(ii) Solution of electrolytes exert higher osmotic pressure than 


the 
solution of non-electrolytes of same molality. 


(iii) Solutions of electrolytes show larger elevation of boiling points than 
the solutions of non electrolytes of same molality. 


(iv) Solutions of electrolytes show larger elevation of boiling point than 
the solutions of non-electrolytes of same molality. 


2. The electrical neutrality of the solutions of electrolytes is due to the 
fact that the total negative charge on the anions is equal to the total positive 
charge on the cations in solution. 


6. Osmotic pressure, freezing point lowering, and boiling point rise are 
all colligative properties, i.e., dependent on the number of particles of solute 
in the solution. Since the molecules of electrolytes. disscciate into ions, each 
ion having the same colligative effect as an undissociated molecule, electrolytes 
exert higher osmotic pressure and show larger depression of freezing point 


and larger elevation of boiling point than the solutions of non-electrolytes of 
same molality, 


8. Electrolytes in water solutions are already separated into ions in 
water solutions, These ions are the reacting species and can quickly unite with 
oppositely charged ions because of their mutual electrostatic attraction, In 
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the case of covalent molecules, energy is first required to break or activate the 
molecules, so that they may react with each other, This often takes time and 


considerable heat energy. 


9. The electronic structure of any ion is more stable than that of 
the atom from which it is formed by transfer of electrons For example, 
both Nat aud Cl- ions have stable outer shells of 8 electrons whereas the 
corresponding atoms Na and Cl have unstable electron shells of 1 and 7 
electrons respectively. 

Na : 2,8,1 ; Nat : 2,8 


je giy A M A CI7 :2,8,8 


11. Dry hydrogen chloride is a covalent compound, HaCl : , and does not 


contain ions. Hence, it does not conduct electricity. In aqueous solution, it 
reacts with water to give hydronium and chloride ions, so that ihe aqueous 


solution conduets electricity. 
HCI + HzO = H3O* + CI7 


13. Sodium chloride dissociates in solution as 
NaCl = Na* + Ci^ 
However, the attraci.on between the oppositely charged Nat and CI“ ions 


prevents them from acting as independent, individual particles. Hence, the 
apparent number of ions is smaller than their actual number. 


15. (a) Acetic acid is a weaker acid than hydrochloric acid, i.e., ionizes 
in solution to a less degree. Hence, 1M solution of CHs.COOH has much smaller 
number of ions than IM solution of HCI and, therefore, conducts the current 


much more feebl, than the latter. 
MgCle  Mgt+ + 2CI^ ; NaCl cissociates as 


NaC) «e Nat + Cl. That is, each "molecule! of MgCl gives 3 ions whereas 
each ‘molecule’ of NaCl gives only Zions. Hence, IM solution of MgCls has 
larger number of ions than a 1M solution of NaCl and, therefore, has a lower 
freezing point. 

(c) 1M solutions of both KBr and NaCl will have the same number of 


ions (KBr # Kt + Bro; NaCl x Nat + CI^). 


(d) Both alcohol and glycerol are non-electrolytes and do not dissociate 
in solutions. Hence, IM solutions of both have the same number of molecules 


and therefore, the same freezing point. 


(b) MgCla dissociates as 


16. Dilute H2SO4 will be a better conductor since the degree of dissociation, 
i.e , the number of ions, will increase with dilution. 


17. All acids and bases furnish the same common jon, Ht and OHT res- 
pectively, to the solution. It is the H+ ion in the case of acids and the OH™ ien 
in the case of bases which affects the colour of the indicator rather than the 


entire acid or base. 


18. Concentrated sulphuric acid is a covalent compound and does not 
contain H+ ions. When diluted with water, it reacts with water molecules to 
give hydrogen ions and sulphate ions. 


HsSO4 + 2H20 — 2H30* + SOY 


with the hydronium ions and reduces them to hydrogen. 


Zinc reacts 
Zo + 2H30+ > Zn$* + 2H:O + HaÎ 
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19, Sodium chloride, an ionic compound, furnishes CI- ions with which 
the Ag* ions from silver nitrate unite to form the precipitate of silver chloride, 
Etny! chloride, (CeHsCI), being a covalent compound, does not furnish CI“ 
ions aad, therefore, does not give precipitate with silver nitrate solution. 


20. (a) A direct electric currents is used since only if electrons continue 
moving in the same direction can consistent reactions at each clectrode occur. 


(b) The ions travel*under a potential difference to the oppositely charged 
electrode; positive ions or cations to the cathode, and negative ions or anions 


1o the anode. 


(c) Oxidation of anions occurs at the anode since the anions give up 
their electrons, e.g., 


Q7 > Cl + e 


(d) Reduction of cations occurs at the cathode since the cations-take up 
*elecirons to form neutral atoms; e.g., » 


Nat + e^ — Na 


.21. Because the constituent ions in the crystal are rigidly fixed in their 
positions and are not free to move. 


24. Strong electrolytes are completely dissociated in solutions, Weak 
electrolytes, on the other hand, do not dissociate 100 per cent in solutions and 
an equilibrium exists between the free ions and the non-ionized molecules 
(AB æ At + B-). To such a system in equilibrium the law of chemical 
equilibrium (law of mass action) can be applied. 


26, The ionic product of water, [H*]fOH-], remains unchanged when an 
acid or a base is dissolved in water. On. the addition of an acid, the Ht ion 
concentration increases and the OH” ion concentration correspondingly 
decreases, On the addition of a base, the OH- ion concentration increases 
and the H* ion concentration correspondingly decreases. In either case, the 
ionic product [H*jfOH-] has the same constant value (10714 at 25°C), 


27. The concentration of H* ion as also of OH- ion in pure water is the 
same, viz., 1077 gram-ion per litre. 


33. (a) Any alkali, e.g., NaOH. 
(b) Any ammonium salt, e.g., NH4CI. 
(c) Common-ion effect. 


34. The pH of a solution containing both acetic acid and sodium 
acctate is higher than that of a solution containing the same concentration 
Of acetic acid alone The reason is that the dissociation of acetic acid, a weak 
acid, is suppressed in the presence of sodium acetate, by the common-ion 
effect, As a result, the H+ ion concentration is decreased which means a 
bigher pH. 

35. (1) The suppression of the dissociation of hydrogen sulphide 
(H:S  2H+ + S?-) by using hydrochloric acid is used in separating the 
sulphides of the metal ions of various groups 

(2) The suppression of the dissociation of 
ammonium chloride is-used in separating the | 
various groups. 

38. CaO — increases; KCl — unchanged 

NHA4CI — decreases; CuSO4 — decreases 
CO: — decreases; sodium acetate — increases. 


: hydroxide by using 
sof tbe metals of 
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39. Acetic acid is a much weaker acid than hydrochloric acid. Hence, it 
dissociates to a much smaller extent. 


A 1M acetic acid solution has, there-- 
fore, a much lower c 


oncentration of H* ion than a 1M hydrochloric acid 
solution. 
4l. Ksp AgBr = [Ag"] [Br] 
Ksp Bas(PO4)s = [Ba2+]8 [PO43-]? 


Ksp AgeS = [Ag+]? [S2] 
Ksp PbCla = [Pb?*] [C17]? 


C1 
o 


Chemical Reactions and Energies 


A chemical reaction is always accompanied with the evolution 
or absorption of energy, most commonly in the form of heat. 
The relation of energy to chemical changes is important both in 
theoretical chemistry and in its practical applications. Many 
chemical reactions, such as those involved in the burning of fuels 
or the digestion of foods, are more important for the heat 
released by them than for the formation of new substances. 


The unit of heat energy used is the calorie, unit symbol cal, 
which is defined as the 3 pesa of heat required to raise the 
temperature of one grem of water by 1°C or IK. Nowadays, it 
is more common to use joule, unit symbol J, as the unit of 
energy. These two units are related as follows: 1 calories. 
4'184 joule. Very often the units used are kilo-calorie (=1000 
calories) and kilo-joule (— 1000 joules); these are symbolized as 
kcal and kJ respectively. Obviously, 1 kcal -4'184 kJ, 


1. Exothermic and Endothermic Reactions 


1-1. Exothermic reactions. Many chemical reactions, such 
as combustion, combination of metals with oxygen, sulphur, or 
chlorine, neutralization of acids by alkalis, etc., take place with 
evolution of heat. Chemical reactions that take place with evolu- 
tion of heat are called exothermic reactions. Two such reactions 
are represented by the equations : 


2H) + Ost) > 2H30 u + 571°8 kJ 
2SOs( + Ost) > 2SOg 1) + 6946 kJ 


Exothermic reactions, especially the combustion of various 
kinds of fuels such as wood, coal, petroleum, etc., are widely used 
as sources of energy in everyday life and in industry. Once started, 
exothermic reactions proceed in the absence of any supply of energy 
from outside. Hydrogen (or, for that matter sulphur, carbon, or 
any other combustible material) will continue to burn in oxygen 
with evolution of heat until the supply of either reactant is 
exhausted. 


1-2. Endothermic reactions. In many chemical reactions, 
such as the decomposition of mercuric oxide, combination of 
Nitrogen and oxygen, the interaction of steam and glowing 
coke, etc., heat is absorbed. Chemical reactions that take 


(12139) 
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place with the absorption of heat are called endothermic reactions. 
Chemical equations for some endothermic reactions are given below : 


2HgO( > 2Hgi + Os) — 1804 kJ 
Neg) + Onto) > 2NO(—181:0 kJ 
HOgy) + Ce) > Hato) + CO~@—131-2 kJ 


Endothermic reactions require a continuous supply of heat 
from outside to keep them going, and stop immediately if heating 
is discontinued. For example, the decomposition of mercuric oxide 
into mercury and oxygen will continue only so long as the compound 
is heated, 


It ist be noted that any reaction that is exothermic when it 
proceeds in one direction is endothermic when it proceeds in the 
reverse direction. For example, the reaction Hag) +4 Ost) > HO) 
is exothermic and is accompanied with the evolution of 285'9 kJ of 
heat energy per mole. Thc reverse reaction HaOu) — Hatoyt+-4 Oso 
is endothermic and is accompanied with the absorption of 285:9 kJ 
of heat energy per mole (Fig. 8-1). In general, if a certain quantity 
of heat is evolved (or absorbed) during the formation of a chemical! 
compound from simple substances, the same quantity of heat will 
be absorbed (or evolved) when that substance is decomposed into 
its simple substances. 


iunt products 
Mendes Hoa) - Os(9) - AH: 
Ho(9) + Oo(g) 
E 3 
c 

$ $ 
8 E 
3 E 

product reactant 

H,0(I)— AH ; H201) 

Node o eer nd 
formation of water —3» decomposition of water —> 


Fig. 8-1. Heat evolved per mole of product in the formation of 
water (left) is exactly equal to heat absorbed in the 
decomposition of tbe water (right). 


1-3. Exothermic and endothermic compounds. Chemical 
compounds formed from simple substances with the evolution of 
heat are called exothermic compounds; those formed with the 
absorption of heat are termed endothermic compounds. Endothermic 
compounds are much rarer than the exothermic, form from simple 
substances only at high temperatures, and decompose with relatively 
greater ease. The exothermic compounds, on the contrary, usually 
form at low or moderate temperatures, and are more stable than 
the endothermic compounds. 
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1-4. Law of Conservation of energy. Energy may be 
evolved or absorbed in a chemical reaction, but the total energy of 
the reacting system and its surroundings remains constant. This is 
à corollary of the wider generalization known as the law of conser- 
vation of energy according to which ‘energy is neither created nor 
destroyed'. 


2. Thermochemical Equations 


Chemical equations ia which the quantity of heat evolved or 
absorbed during the reaction is indicated are called thermochemical 
equations, The various conventions followed with regard to ther- 
mochemical equations are as follows : 


(1) The heat evolved or absorbed ina reaction is affected by 
the physical state of the reacting substances, which are therefore 
Specified using the symbols (g). (/). and (s). These symbols are 
placed alongside the chem ca! formulae to indicate gaseous, liquid, 
and solid states respectively. 


(2) In case of elements which exhibits allotropy, the name of 
the allotropic modification is mentioned, eg., C (graphite) (s), 
C(diamond)(s), S(rhombic)(s), S(Monoclinic)(s) etc. This is neces- 
sary since different allotropes of the same element have different 
energies. 


(3) The substances in aqueous solutions are specified using the 
symbol aq, e.g., NaCl(aq) stands for an aqueous solution of sodium 
chloride, It also signifies that the quantity of water is so large that 
no further heat change would occur upon addition of more water. 


(4) In the older convention, the heat cvolved or absorbed in 
the reaction was shown with the positive sign and negative sign 
respectively on the right hand side of the equation, as in the 
equations given on pages 213 and 214. In modern convention, the 
heat evolved or absorbed in the reaction is represented as the 
difference in heat content between products and reactants, denoted 
by the symbol AH (delta H). The symbol AH is placed at the end 
of the equation for the reaction, For an exothermic reaction, AH 
has a negative value: AH —x kJ or —x kcal, The minus sign 
indicates that the heat content of the products is less than the heat 
contents of the reactants, or that there has been a loss in heat 
content, Thus, the thermochemical equation for the formation of 
water is : 


2Hst + Os) > 2H.0w AH=—571'8 kJ 


If the reaction is endothermic, AH hasa positive value : 
AH= +x kJ or +x kcal. The plus sign indicates that the heat 
content of the products is more than the heat content of the 
reactants, or that there has been a gain in the heat content. Thus, 
the thermochemical equation for the decomposition of water is : 


2Hs30() > 2Hsg) + Oxy) A= +571'8 kJ 
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In other words, AH with a negative value signifies evolution 
of heat; AH with a positive value signifies absorption of heat. 


It may also be noted that a thermochemical equation can be 
reversed by merely changing the sign of the heat quantity, Thus, 
the equation 

Hag) + Ixo > 2Hlgj. AH —14kJ 
may be written as 


2Hko > Hist) + hy. AH-—14kJ 


(5) If necessary, the temperature and pressure at which the 
reaction proceeds are indicated as subscript and superscript respecti- 
vely on AH as in the following example : 

C(graphite) + Os; )-> COn ; AH some 73935 kJ 

2-1. Calculations based on thermochemical equations. The 
amount of heat involved in a thermochemical equation is part of 
the total equation, like the otber products and reactants, and is 
handled stoichiometrically in calculations. Also, thermochemical 
equations can be handled like algebraic equations. For example, 
from the equation 


2Hsq) + Oxi) > 2Hs0q) ; AH --—5708kJ 
we can derive the following relationships : 
(1) Stoichiometric relationships between moles of products 
or reactants and amourt of heat, such as 
2 moles Hy=—571°8 kJ, or. 2 moles H60— —571:8 kJ 
(2) For the reverse reaction, 571:8 kJ of heat are absorbed 
(an endothermic reaction) 
2H0q) > 2Ha) + Ov); AH —5718 kJ 


(3) Dividing the total equation by 2, the following equation 
is derived : 


Haig) + $ Oro)  H30(5 ; AH=—285'9 kJ 


Calculations based on thermochemical equations are i:lustra- 
ted in tne following two examples It must be remembered that in 
order to make the heat effects of various reactions comparable, 
thermochemical equations and calculations usually relate to 
standard conditions : one mole of a compound, a temperature of 
25°C (Or 298*K). and 1 atm. pressure. 


Example 2-1. The heat evolved in the combustion of glucose is 
shown in the following equation : 


CsH 3094) + 60249) > 6C Oro - 6H30 (9) ; A=—2840 kJ 
(glucose) 


IT ow much energy will be required for the production of 1'08 g of 
glucose. 
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Solution. Glucose will, obviously, be produced by the reverse 
reaction which can be represented by the equation 
6COsi--6H,0()— CsHi)0s) + 60s ; AH 2840 kJ 
This equation refers to 1 mole of glucose, i.e., 180 g of glucose. 
According to this equation. 
Production of 180 g of glucose requires 2840 KJ of energy. 
2840 kJ. ,. 
180g x1:08g 
— 17:04 kJ of energy. 
y Example 2-2. The heat evolved in the combustion of methane 
is given by the following equation : 
CH 9) +2099) CO3(9)2-2H300) ; AH :—890°3 kJ 


(a) Haw many grams of methane should be burnt to produce 
445150 kJ of heat ? 


(b) How many grams of CO:would be formed when methane 
burns to give 4451 50 kJ of heat ? 


bed teh! The equation refers to 1 mole or 16g of methane 
4). 


-. Production of 1:08 g of glucose will require 


(a) According to the equation— 
890°3 kJ of heat is produced by burning 16g of methane. 
J. 4451°5 kJ of heat will be produced by burning 
16g x 4451°5 kJ 
8903 kJ 


(b) According to the equation— 
890'3 kJ of heat liberated corresponds to 1 mole or 44g 


= 80g of methane 


of COs. 
. 4451°5 kJ of heat corresponds to 4451°5 KI 
=220 g of CO, 


3. Heat of Reaction 


The quantity of beat given out or absorbed when the number 
of moles of reactant indicated by the chemical equation of the 
reaction have compleieiy reacted is called the heat of reaction. 
It is usually denoted by the svmbol AH. Thus, the quantities 
of heat shown with the foregoing thermochemical equations 
represent the heat of the corresponding reaction. For example, 
the equation 

Coy + Ong) > COX); AH - —3935 kJ 
shows that the heat of reaction involving the combination of one 
mole of carbon and one mole of oxygen is —393'5 kJ. 
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.. It may be recalled that the heat of a reaction is equal to the 
difference in the total heat content of the products and the total 
heat content of the reactants. That is, 

AH,—XAH products — X AH reactants 


[n this equation, the symbol 3 means ‘the sum of’. 


4. Heat of Formation 

The quantity of heat evolved or absorbed when one mole 
of a compound is formed from its elements in their normal state* 
is called its heat of formation. It is denoted by the symbol AHy. 
From the following equations 

Ciorapnitey-+2H a9) > CHa; AH=—748 kJ 

and, Ctorapnttey t Ox) —> COx); AH=—393 5 kJ 
the heat of formation of methane is —74:8 kJ and of carbon 
dioxide —393:5 kJ 

Forthe purpose of thermochemical calculations, the heat 
content or heat of formation of an element when it is in its 
standard state is taken to be zero. Though not correct in reality, 
it is an extremely useful convention as the changes in heat content 
are significant rather than the absolute heat contents of reactants 
and products. Thus, the heat of formation, AHy, of a compound 
becomes its heat content on a scale on which the heat contents of 
elements are zero. Therefore, if the Hy values of reactants and 
products are known, the AH, for the reaction can be calculated 
from the relationship 

AH, —3 ^H; products —X A Hy reactants. 


This is illustrated in the following example : 


Example 4-1. The heats of formation of COx), H2Ou), and 
CH) are —3935 kJ mol; —285 9 kJ. mol, and —248 kJ 
mol-* respectively. Calculate the heat of the reaction represented 
by the equation 


CH yg) +2029) > COso)t2H:00) 

Solution, 

QHr=SAHy products —X AH; reactants 
—[AH;COs(- AH HO) — [A HCH aia) + AH020] 
—[—393:54-2 (—285:9)]—[—74 8 +2 x0] kJ 
-—[—393:5—571:2]—[—74:8 4-0] kJ 
=—393:5— 571 84-748 kJ 
=—890'5 kJ 

-. Heat of the reaction in question is 890°5 kJ, 


*The normai or standard state is defined as the most stable form of an 
element, e.g., C (graphite) for carbon and Oz(J for oxvgen. 
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4-1. Heat of formation and stability, Heat of formation is 
the heat evolved or absorbed when a mole of compound is formed 
from its constituent elements. However, 1 mole of every compound 
contains the same number of molecules, viz., 6°02 x i0® (Avogadro 
number) Now, the heat of formation of carbon dioxide is 
—393:5 kJ per mole and that of water (liquid) is —285'9 kJ per 
mole. This means that more heat is given off in the 
formation of a molecule of carbon dioxide than in the formation 
of a molecule of water. Since the heat contents of all elements 
arezero, each molecule of carbon dioxide contains less energy 
than a molecule of water. Because they contain less energy, 
the CO, molecules are more stable than the H,O molecules. Or, 
more evergy will be required 10 decompose the CO, molecules 
than the H,O molecules. 


Nitrogen and oxygen combine at the very high temperature 
of an electric arc to form nitric oxide, NO, The heat of formation 
of nitric oxide is 4-89:9 kJ mol-1, That is, 89:9 kJ of heat is 
absorbed in the formation of one mole of nitric oxide. This 
indicates that nitric oxide is relatively unstable, and it actually 
is. Some other compounds with positive heats of formation are 
acetylene, carbon disulphide, hydrogen peroxide, and the oxides. 
of nitrogen. All of these are relativeiy unstable. 


In general, the higher the negative heat of formation, the 
more stable the compound is. Conversely. the lower the negative 
heat of formation or higher the positive heat of formation, the 
more unstable the compound is. Compounds with very high 
positive heats of formation are extremely unstable and tend to 
decompose explosively. 


5. Heat of Combustion 


The amount of heat evolved by one mole ofa substance when 
it is completely burnt in air or oxygen 1s termed its heat of com- 
bustion, From the equation 


CHOH +301 > 2CO() +320, AH=—1365°6 KJ 


the heat of combustion of ethyl alcohol (C4H;OH) is —1365°6 kJ 
mol-!, That is, 1365°6 kJ of heat is evolved when one mole of 
ethyl alcohol (—46 g) is completely burnt in oxygen. 


Heat of combustion (as also heat of formation) is defined in 
terms of one mole of a compound. Therefore in calculating the 
heat of combustion (or heat of formation) of a substance, it should 
be represented as one mole in the chemical equation, Such an 
equation, if not already so, can be derived by dividing the whole 
equation by a suitable whole number For exomple, the equation 
for the burning of acetylene in oxygen is 


2C4Hsq) 50s) > 4COsq) -2HsO qx AH=—259'4 kJ 


220 LS.C. CHEMISTRY VOL. II 


For calculating the heat of combustion of acetylene, this equation 
is divided by two to obtain 

CiHs(53-210s(» > 2COs54- HO; AH —129"kY 
from which the heat of combustion of acetylene is —129 7kJ mol-1, 


It should be noted that the heats of combustion of elements 
such as carbon, sulphur, aad hydrogen represent the heat of 
formation of their oxides—carbon dioxide, sulphur dioxide, and 
water respectively. 

Corapatte) Oso) -> COng); AH —3935 kJ 
Scrnomdéc) + Ost) -> SOs); DH=—296°6 kJ 
Haj) +30x9) — H:O: AH=—285'9 kJ 


Thus, from the first equation, —393:5 kJ represents the heat of 
combustion of carbon per mole as well as the heat of formation of 
carbon dioxide. It also gives the heat of reaction as represented 
by the equation. 


6. Heat of Solation 


Heat is either evolved or absorbed when a substance dissolves 
in a solvent. The quantity of heat evolved or absorbed when one 
mole of a substance is dissolved in such a large volume of the 
solvent that further addition of solvent causes no further heat 
change is called the heat of solution (of that substance in that 
solvent). When such dilute solutions are made in water, this fact 
is indicated by using the symbol ‘aq’. Thus, from the equation 

NafCl---aq -> Na*CI- (aq); AH= +5°0 kJ 
the heat of solution of sodium chloride in water is5'0kJ mol. 
That is, 5'0 kJ of heat is absorbed when 1 mole of sodium chloride 
(=58°5 g) is dissolved in a large excess of water. 


7. Heat of Neutralization 


Heat is evolved when in aqueous solution au acid is neutra- 
lized by a base, and vice versa. The beat of neutralization is the 
amount” of heat evolved when one mole of an acid is neutralized 
by one mole of a base in dilute solutions such that further addition 
of water would not cause any rise in temperature. 


The neutralization reactions involve essentially the reaction 
between the H* (aq) from the acid and the OH- (aq) from the base. 
For example, 

Na*OH-G9--H*Cl-,; > Na*Cl-55--Hs00; AH=—57 kJ 
9r, cancelling out the common ion on both sides. 

Htet OH) > HiOq; AH —57kJ 
As such, the heat of neutralization for any strong acid (e.g., 


H,SO,HCI, HNOs) and any strong base [eg., NaOH, KOH, 
Ba(QH)s] is —57kJ or 13:6 kcal. 
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However, if either the acid or the base is weak, or both are 
weak, the heat of neutralization is less than —57 kJ mole}, This 
is because some energy is used up in causing the ionization of the 
weak acid or weak base. Thus, when acetic acid is neutralized by 
NaOH, the heat of neutralization has a lower value, —56'1 kJ 
mol-3, The heats cf neutralization for a HCN, H.COOH, and 
NH,OH are given below : : 


HCN(az+ NaOH (ag) > NaCNqo04-HiO005 AH=—S54'0 kJ 
H,COOH (ag) +NHsOH (ag) > HCOONH (eg) + H20(1y; AH = —49'8 kJ. 
HClio4- NHsON(ag) > NH:Cla HHO; AH —51:5 kJ 


8. Hess's Law 


On tbe basis of his experimental measurements of heats of 
reactions, G.H. Hess in 1840 proposed the following generalization : 


The heat evolved or absorbed in a reaction is independent of 
any intermediate steps and depends only upon the initial reactants 
and final products of the reaction. 


This generalization has been found to be applicable to every 
reaction that has been tested, and is now called the Hess’s law of 
constant heat summation. 


Suppose H, represents the heat content of the reactants and 
H: the heat content of the products. The net change in the 
reaction is H4— Hi, or AH, and this difference will be the same for 
the overall process whether it 1s accomplished in one step or 
several steps Let there;be a substance A that can be converted 
into another substance B either directly, when the heat of reaction 
is Q1 kJ, or indirectly by way of substances X and Y when the 


Qı 


Q» 


Fig. 8-2. Hess's law illustrated. 
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heats of reaction of the three steps are gi kJ, qs kJ, and qs kJ 
respectively. 


A => B; AH=Q, kJ 
A > X; AH=q, kJ 
B — Y: AH=q, kJ 
Y > B; AH74 kJ 


Then according to Hess’s law the heat of reaction in going from A 
to B is the same whether the change occurs directly or through 
the series of separate steps. That is, Qi1=g1+g2+qs. 


10-1. Theoretical deduction of Hess's Jaw. Suppose a given 
chemical system A can be changed into another sytem B in 
two ways : (i) directly, when the heat liberated is Qı kJ, and (ii) in 
three steps, vis, A—X, XY and Y-+Z in which the heat liberated 
is qi kJ, qe kJ, and qs kJ, respectively (Fig. 8-3). Let 9:+92+93 
=Q; kJ. According to Hess's law, Qı must bz equal to Qs. If not, 
let Qo 5 Qi. Then, in converting A to B through X and Y and then 
fecouverting it directly into A there would be a net gain of (Q,—Qi) 
kJ of heat. By :epeating the cyclical process an unlimited amount 
of beat could be produced without doing any work or using any 
other form of energy This is against the law of conservation of 
energy. Hence, Q, must be equal to Qs as required by Hess's law. 


8-2, Verification of Hess’s Jaw. Hess’s law can be verified 
by preparing an aqueous solution of ammonium chloride in the 
following two different ways and measuring the heats of reactions 
involved : 


(1) By reacting 1 mole each of gaseous ammonia and gaseous 
hydrogen chloride and then dissolving the ] mole of solid ammo- 
nium chloride formed in water. The thermochemical equations 
are: 

(1) NHs + HCl) > NH4Clo5 AH=—175°3 kJ 

Gi) NH,Clay-aq — NHsClag; AH=+160 kJ 

Thus, the formation of an aqueous solution of 1 mole of 

ammonium chloride is associated with the heat change, 
AH-—(—175 3--16:0)— —159:30 kJ 

(2) By separately dissolving 1 mole of gaseous ammonia and 1 
mole of gaseous hydrogen chloride in water, and then reacting the 
resultiug hydrochloric acid and the ammonium hydroxide. The 
thermochemical equations for these exothermic relations are : 

u) NHsgj-Faq—NHsqoo; AH=34'94 kJ 

(ti) HClgy-aq-HClao AH ——73:74 kJ 

(iii) NHa(o4- HClaoj2NH,Clae; AH=—50°62 kJ 

The total heat change is AH=(—34:94—73°74—50°62)= 
—159:30 kJ, This is the same as in the formation of NHiChag) by 
the other method in different steps. 
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8-3 Importance of Hess's law. The practical importance of 
Hess's law lies in the fact tnat it justifies the addition or subtraction 
of heatchanges in reactions in an algebraic manner. This makes 
it possible to calculate heat changes in cases where they cannot be 
measured directly for some reason or other For example, the 
heat of formation of carbon monoxide AHyCO, cannot be deter- 
mined directly by experiment as carbon (graphite), when burnt in 
oxygen, forms carbon dioxide and not carbon dioxide However, 
AHyCO can be calculated from the heat of formation of carbon 
dioxide from carbon and oxygen and the heat of combustion 
of carbon monoxide, both of which can be easily determined by 
experiment. The method of calculation is explained below : 


Combustion of carbon in oxygen is represented by ihe 


thermochemical equation 
C(graphite) + Ox) > COn; 4H1=—396 kJ 


We break this reaction in two stages, assuming that the 
carbon burns to first form carbon monoxide, which then burns to 
give carbon dioxide. The thermochemical equations for these 
stages are ; 

C(graphite) --3Os) > COw; AH AH;CO 
CO(o--Outp. > COsuy; 2 Har —2855 kJ 
According to Hess's law, the heat change in the foi mation 


of CO» is the same, whether formed direct from carbon ard oxygen 
or through the intermediate formation of CO. That is, 


AH AH;CO 4- AHs 
Or, AH,;CO=AH;—ABe 


=— 396 —(—285°5) = —1105 kJ. 


Therefore, the heat of formation of carbon monoxide from 
carbon and oxygen is, AHy=—110°5 kJ. 

These calculations show that when carbon burns to carbon 
monoxide (AH=--110 5 kJ), it evolves about only 3J per cent of 
the heat liberated by its- complete combustion to carbon dioxide 
(AH--—3960kJ) Hence, the economic importance of ensuring 
complete combustion of fuels. 

8-4 Calculations based on Hess's law. ]n the calculations 
based on Hess's law, it must be appreciated that thermochemical 
equations may be manipulated according to the conventions of 


algebra, Thus, the signs may be changed by multiplying all terms 
by —l, terms may be transposed from one side of the equation to 


other by changing signs, etc. 

Example 8-1. The heat of combustion of graphite is —395 kJ 
mol-1 and of diamond —393'5 kJ mol. 

(a) What is the AH when diamond is formed from graphite ? 
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(b) Is the change graphite-»diamond endothermic or exo- 
thermic ? 


(c) Which is more stable, diamond or graphite ? 
Solution. (a) The relevant thermochemical equations are : 
C(graphite) 4-Os)-- CO; AH —395:0 kJ 
C(diamond) + O29) >+COa,); LQH=—393'5 kJ 
Applying Hess’s law by substracting the first equation from 
the second 
C(diamond)—C(graphite)-+0; OH=—1'5 kJ (1) 
Or, C(diamond)-C(sraphite); QH=—1°5 kJ »«(2) 
—. AH for the formation of diamond from graphite is 
—15kJ 
(b) Reserving equation (2) derived above, 
C(graphite)-+C(diamond): AH= +15 kJ 
-. Heat is absorbed when graphite is changed to diamond. 


(c) Graphite is somewhat more stable than diamond since it 
contains 1°5 kJ less energy per mole than diamond, 


Example 8-2. The heat of combustion of methane is —690:5 kJ 
mole. The heats of formation of CO») and H0, are 
—393:5 kJ mole? and —285'9kJ mole respectively. Calculate 
the heat of formation of methane. 


Solution. The relevant thermochemical equations are : 
G) CHag)-209) > CO»(4-2Hs0; AH=—890'5 kJ 

(i) Cray Osj, > CO»; QH=—393'5 kJ 

Gii) Haw tO» + HiO(; AH- —285:9 kJ 

The heat of formation of methane may be found from the 
hypothetical thermochemical equation 

Cio T2Hs0 > CH, QH=? 

This equation can be derived by Teversing equation (i), multiplying 


equation (iii) by 2, and then adding the resulting equations with 
equation (//). That is 


CO2 +2H20 — CH, +202); AH = 4-89075 kJ 
2Ha)+ Ov) > 2H20q): AH=—571'8 kJ 
Coy + Os > COs); QH=—393'5 kJ 
Ci) T- 2H») -> CH;g; AH-e—748 ky 


-. The heat of formation of methane, AH——748 kJ 


Example 8-3. Calculate the heat of formation (AHy) of 
caustic soda from the following daia. 


(i) Na+water=\cOH aq)+} H2; © H — — 93,000 cal 
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(il) Ha (g) +402 (g) — H30 (g) ; AH ——68,380 cal 
(i) NaO H(s) -water— NaO H(aq) ; AH — — 13,300 cal 
Solution. The required equation is 
Na 4-4)H24-402 > NaOH ; AH=? 
This hypothetical equation can be derived by 
(a) keeping equation (i) and (/i) as such (to have Na, 10» 
and Ha as reactants), 
(b) reversing equation (iii) (to have NaOH as product), and 
(c) adding the three equations algebraically 
Na--water  NaOH(ao--1Ha, 4A H1 —98,000 cal 


Ha(g)--3Os(g)  HaO(£), AH2=—68,380 cal 
NaOH aq) > NaOH(s)-+water ; AH3=— 13,300 cal 
Na+4H2+}02 > NaOH ; AH 4——153,080 cal 


^. The heat of formation of caustic soda /,H,—153,080 cal 


Example 8-4. Calculate the heat of the reactlon 
Given— C2 + Hao) > CO) +20) 
i) Coy +2020) > CO; AH=—26'4 kcal 
(ii) Cut Oso > COs); DH=—94'1 kcal 
(ii) Haig) +202) HOw; QH=—578 kcal 
Solution, The required equation is derived by reversing 
equation (ii) so that CO, is a reactant, keeping equation (/) and 
(ili) as such, and then adding up the three equation algebraically, 
That.is 
Cuyt tOso > CO AH — —26'4 kcal 
COs; ) Co Osn AH= +941 kcal 
Hio ttOo > HOw AH=—578 kcal 
COo +H) + CO tHo; AH 99 kcal 
The heat of reaction is 9'9 k cal. 


Questions 
. Ll (a) Define the terms exothermic reactions and endother- 
"mic reactions. 
(b) Differentiate between exothermic compounds and endo- 
| thermic compounds. Which kinds of compounds are more 
reactive ? 
2. The formation of carbon disulphide (CS;) from carbon 
and sulphur is represented by the equation 
Ci +28) — CS; AH=+120kI 
(a) Is the reaction exothermic or endothermic ? Justify your 
answer, 
(b) What is the significance of the letters (s) and (g) in the 
equation ? 
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3. (a) When 1 mole of graphite is completely oxidized to 
carbon dioxide at 298°K and 760 mm pressure, 393°5 kJ of heat is 
liberated, Write a thermochemical equation for this change, 


(b) Write thermochemical equation using AH for the disso- 
ciation of 1 mole of gaseous chlorine into atoms which is 
accompanied by the absorption of 242°7 KJ of heat. 


(c) Given}Ha)+4Bra)>HBrigy, AH=—36 kJ. Rewrite the 
equation for one mole of hydrogen gas including the heat effect 
as a term in the equation. 


(d) Given 2C&Hsq 4-505, 4COs(--2Hs0(5--2594. kJ. Re- 
write the equation for one mole of CH, using the AH notation 
for the heat effect. 


3. Write brief explanatory notes on any two of the following 
giving a suitable example in each case : 

(1) Heat of reaction. 

(2) Heat of formation. 

(3) Heat of combustion. 

(4) Heat of solution. 

(5) Heat of neutralization. 

5. (a) The beats of formation of the various hydrogen halides. 
are as follows: | AHjHF— —2678 kJ; AHsHCI=—92'0 kJ, 
AHj;HBr——364 kJ, and AHjHI—--251 kJ, Indicate which 
halogen halide is the the.most stable and which one is easiest to 
decompose. 

(b) Justify your answer. 

6. Explain the reason for the following : 

(a) The heat of neutralization of any strong acid and any: 
strong base is nearly the same. 

(b) The heat of neutralization of a weak acid and a weak 
base is lower than that of à strong acid and a strong base. 

7. (a) State Hess's law of constant heat summation. 


(b) Describe by a suitable example how you can experi- 
mentally verify Hess's law. 


8. (a) Deduce Hess's law on the basis of the law of conser- 
vation of energy. 


(b) What is the practical importance of Hess's law ? 
Key 
1. (b) Endotbermic compounds are more reactive, 


2. (a) The reaction is endothermic because the heat content 
of the product is less than that of the products and so 120 kJ of 
heat is absorbed in the reaction. 


(b) (s) stands for solids; (g) for gas. 
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"760mm 


3. (a) Curapast)-Osy > COsp; AH -—3935 kJ 
898°% 


(b) Cli) > 2Cliy AH=242 7 kJ. 
(c) Hag) +Breig) > 2HBr; AH — +72 kJ. 
(d) CH) $Osp — 2COx(q) 4-H30(5; 4H — —2594 kJ 


5. HF is the most stable hydrogen halide; HI is the easiest 
to decompose. 2 


. (8) Since maximum quantity of heat is liberated in the forma- 
tion of HF molecules, they contain the least energy and are there- 
fore the most stable. The reverse is true for the HI molecules. 


Problems 
1. The heat evolved in the combustion of benzene is given by 
the equation— 

.. 2C¢He + 1505 — 12 COsg)4-6Hs0(5; AH=— 6688 kJ 
What weight of benzene will be required to be completely burnt 
in order to produce 334:4 kJ of heat ? y" 

(Ans. 7 8 g) 
2. Calculate AHy of carbon monoxide from the following 
reaction ; ; 
2C,54- 0s) > 2C0(y AH=—221 kJ 
(Ans, 110 kJ mol?) 
3. The heat of formation water is —286:3 kJ mol". 
Hag;3-4O0:5) > Ho0(y; AH — —286:3 kJ 
How much heat will be liberated upon decomposing 90g of 
water ? (Ans, 14135 kJ) 
4. Calcuiate the heat of formation of carbon disulphide if 
the heats of combustion of carbon, sulphur, and carbon disulphide 
— 394:6 kJ, —298'7 kJ, and —1109 kJ respectively. 
(Ans. AHy=+117 KJ) 
5. Calculate the heat of formation of liquid ethanol 
(CoH;OH) at 298 K from the following heats of combustion at the 
same temperature ; 
(i) CHOH) 2-305; — 2C024)4-3Hs0(5 AH=—1368 kJ 
Gi) Ci) + Ong) > COog AH=—393 2 kJ 
(iil) Hays +4O0ay) > Ho005 QH=—286'3 kJ 
(Ans. AHy=—277 3 kJ) 
6, Calculate the heat of formation (/:Hy) of carbon disul- 
phide, given that the heats of combustion (AH) of CS», carbon, 
and sulphur are —265,100 cal, —94,300 cal, and —71,080 cal 
respectively ? (Ans. AHy=28,640 cal) 
[Hini, Reverse equation (/), multiply equation (iii) by 2, keep 
equation (ii) as such, and add up.] 
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7. Calculate the heat of formation (/AH;) of ethyl acetate: 
from ethyl alcohol and acetic acid being given that the heat of 
combustion of ethyl alcohol is 34,000 cal, of acetic acid is —21,000 — 
cal, and of ethyl acetate is —55,400 cal. y 

- (Ans. /H;- 4-400 cal). 

[Hint. The given thermochemical equations are: — 

@) C2H;OH+302 — 2CO2+3H20; AH=—34,000 

(ii) CH3,COOH+20: > 2CO.+2H20; AH- —21,000 
(iii) CH.COOC2H;+502 > 4CO.+4H20; AH=—SS,409 cal 
ethyl acetate, i 

Keep equation (i) and (di) as such, reverse equation (i/i) and. 
add up to obtain the required equation / 

CeHsQH+CHy.COOH — CH;.COOC;H;4- H50: AH — 2 a 


PART 2 
INORGANIC CHEMISTRY 


Elements of Group IIA 


(Magnesium and Calcium) 


The group IIA of the periodic table is comprised of six elements : 
beryllium (Be), magnesium (Mg), calcium (Ca), strontium (Sr), 
barium (Ba), and radium (Ra), the last named being a naturally 
occuring radioactive element. None of these elements occur in 
nature in the free state. With the exception of beryllium, these 
elements have lower melting and boiling points than most metals, 
and except radium, are much less dense and hard than typical 
metals such as iron, copper, and lead. On account of their 
relatively low ionization energies they form quite stable compounds 
which can be efficiently reduced to the metal only by their clectro- 
lysis in the molten state. It is noteworthy that calcium, strontium, 
and barium resemble each other more closely in their chemical 
properties than do beryllium and magnesium which differ from the 
other members of the group in several ways. 

The elements of group IJA are known collectively as the alkaline 
earth metals or simply alkaline earths. word earth, was 
applied in old days to a metallic oxide, and because the oxides of 
calcium, strontium, and barium produced alkaline solutions in 
water, these metals became known as the alkaline earth metals. 
This term is now commonly applied to all elements of group TIA, 


1. Position of Group IIA Elements in the Periodic 
Table 


The elements of group IIA have the elements of group IA, to 
their left and beryllium and magnesium have boron and aluminium 
respectively of group IIIA to their right. 
Compared to the preceding IA. element, 
an element in group IIA has smaller atomic 
size, possesses higher ionization energy, 
and ıs. less electropositive. On the other 
hand, an element in group IIA has larger 
atomic size and is more electropositive than 
the following element in group THA. 
These variations are reflected in the chemical properties of these 
groups. Thus, compared with boron, beryllium has a more metallic 
character, while non-metallic properties are less pronounced (in 


(3) 
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accordance with the increased radius of the atom and smaller number 
of valency electrons). Similarly magnesium is more metallic than 
aluminium, a fact reflected in the naturc of the oxides—magnesium 
oxide, MgO, being a basic oxide while a'uminium oxide, Al2Os, is 
an amphoteric oxide. 


The important general features of the group IIA elements are 
reviewed below : 

1. Electronic configuration, All group IIA elements have 
two s-electrons in their outer shell which is preceded by an 8-electron 
shell. . Ignoring the filled inner shells, their electronic structures may 
be written 252, 352, 45?, 5s®, 65%, and 75?. Owing to this similarity in 
electronic configuration, these elements form a well graded series of 
highly reactive, divalent metals. 


ble 9-1 Electronic configuration 
of alkaline earth metals 


Element Symbol At. No. Electronic configuration 

Beryllium Be 4 155; 25? Or, [He] 2s? 
Magnesium Mg 12 15*; 2s*, 2p*; 38? Or, [Ne] 3s* 
Calcium Ca 20 —Is*; 25, 2p*; 35°, 3p*; 45? Or, [Ar] 4s* 
Strontium Sr 38 15% 25%, 2p*; 35°, 3p*, 3d1*; 45%, 4p*;5s* Or, [Kr] 5s* 
Barium Ba 56 [Xe] 6s* 
Radium Ra 88 [Rn] 7s* 


2. Valency and type of bonding. In chemical combination, 
the alkaline earth metals lose their two electrons of the outer shell 
and form dipositive ions M?* (with the exception of beryllium). 
Hence, these elements are consistently divalent (valency=+2) and 
form ionic compounds. 


The total energy required to produce gaseous divalent ions for 
group IIA elements (Ist ionization energy --second ionization energy) 
is over four times as much as needed to ionize the group IA elements. 
However, the higher energy requirement is more than offset by the 
lattice energy* or the hydration egergy** being proportionally 
greater. The compounds of the alksline earth metals are therefore 
always divalent and ionic. E 


3. Metallic character. Al] the elements of group IIA are 
highly metallic with silvery lustre when pure. They are soft, 
malleable, and ductile though less so than the corresponding alkali 
metals. They are all good conductors of heat and electricity. Owing 
to their relatively low ionization energies, they are all strong reducing 


ananta 


*The lattice energy of a crystal is the energy evolved when one mole of 
the crystal is formed from its gaseous ions. 


**The heat change, AH, accompanying the hydration of one mole of ions. 
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4. Flame tests, The alkaline earth metals and their salts 
impart characteristic colours to the flame. In the flame, the electrons 
in their atoms absorb energy and are excited to higher energy levels. 
When an electron drops back to its original level, it gives out the 
extra energy which appears as visible light of a characteristic 
frequency causing the flame colouration (Ca brick red, Sr crimson, 
Ba apple green, Ra red). 


5. Chemical reactivity. The ionization energies of the group 
IIA metals, while higher than those of the group IA elements, are 
still relativeiy low. As such, these elements are highly reactive, and 
readily react with oxygen, other non-metals, water, and acids. 


i. Action of air. Like the alkali metals, the alkaline earth metals 
also oxidize quite rapidly in air and lose their lustre owing to the 
formation of oxide films. 


ii. Reaction with water. All of these metals can displace 
hydrogen from water at ordinary temperatures However, the 
reaction soon ceases with beryllium and magnesium since they 
become coated with the resulting hydroxides which are only spar- 
ingly soluble in water. The remaining four metals react vigorous- 
ly with water evolving hydrogen and forming the hydroxides in 
solution. 


M + 2H2O > M(OH)s + Het ` 


iii. Reaction with acids, The alkaline earth metals stand high 
in the electrochemical series, and readily displace hydrogen from 
non-oxidizing acids. For example, 


Mg + H2SO4 > MgSO, + Het 
Ca + 2HCI — CaCle + He 


As with other reactions, the vigour of the reaction increases from Be 
to Ra. 


iv. Combination with non-metals. Gioup HA elements combine 
readily with the halogens at appropriate temperatures forming halides 
MX2(M=an alkaline earth metal, X=a halogen). When heated 
they directly combine with hydrogen, oxygen, nitrogen, and carbon 
forming the hydrides MHs, oxides MO, nitrides MgNe, and carbides 
MC3 (containing M2~ and CexC?" ions) respectively. 


» 6, Compounds, The compounds of the alkaline earth metals 
are always divalent and ionic. Since the divalent positive ions of 
these elements have an inert gas structure with no unpaired electrons, 
their compounds are diamagnetic and colourless, unless the anion is 
coloured. Most of the compounds are soluble in water. The sulphates 
of calcium, strontium, and barium are insoluble, and the carbonates, 
oxalates, chromates, and fluorides of the whole group are insoluble. 
This forms the basis of their separation and identification in 
qualitative analysis. 
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i. Oxides and hydroxides. The oxides of the alkaline earth 
metals of the general formula MO are formed by heating them in 
oxygen or by the thermal decomposition of their carbonates or 
nitrates. 

2M + Oz > 2MO 
MCO; > MO + COo+ 
2M(NO3)s > 2MO + 4NOot + Oa 1 

The oxides are all basic, except beryllium oxide which is 
amphoteric, and the basicity increases downward the group. 
Magnesium oxide reacts with water forming magnesium hydroxide, 
M&(OH): which is weakly basic. Calcium oxide reacts vigorously 
with water, and calcium hydroxide is a moderately strong base, 
while strontium and barium hydroxides are even stronger bases. The 
reason is that as the atom gets larger, the ionization energy decreases 
and the element becomes more basic. 


ii. Hydrides. When heated in a current of hydrogen, the 
alkaline earth metals (except Be and Mg) form ionic hydrides, MH, 
which contain the ions M?* and H- These hydrides are good 
reducing agents; and react with water to form the metal hydroxides 
and hydrogen. For example, 

CaH + 2H20 + Ca(OH) + 2Ha 4 

iii, Carbonates and bicarbonates, The carbonates of 
alkaline earth metals are Precipitated on adding sodium or ammo- 
nium carbonate to solutions of their ions. All the carbonates are 
white solids which decompose on Strong heating to give the metal 
oxide and carbon dioxide. The thermal Stability of the carbonates 
increases from Be to Ba; the temperature of decomposition rising 
steadily from 100°C for BeCOs to 1360°C for BaCOs. 


The bicarbonates of alkaline earth metals are formed in solution 
when carbon dioxide is bubbled through the suspension of their 
carbonates in water. When the solution is boiled, the dissolved 
bicarbonate is decomposed to give back the carbonate which 
Separates as a precipitate 

MCOs + H2O + CO. = M(HCOs3)2 
ea! 


Hence, it is not possible to isolate the bicarbonates in the solid 
state. 

iv. Halides. Alkaline earth metals react with the halogens, 
directly and vigorously, to form their halides of the formula MX, 
where X is a halogen. Their halides can also be obtained by the 
action of halogen hydracids (HX) on the metals, their oxides, 
hydroxides, or carbonates : 

M + Xa > MX: 
M + 2HX > MX: + Het 


MCOs + 2HX > MX» + H30 + CO: + 
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„Except beryllium halides, the halides of alkaline earth metals 
are all predominantly ionic. Except the fluorides, MF, the other 
metal halides are all soluble in water. They are usually hygroscopic 
and form hydrates, e.g., MgCls.6H30, CaCle.6H20, BaCla.2H20, 
etc, 

y. Nitrates. Nitrates of these metals can all be prepared by 
the reaction of nitric acid on the metals or on their oxides, hydro- 
xides, and carbonates. They are obtained from solutions as hydrated 
salts. When heated, the nitrates are decomposed to yield the oxides. 
For example, 


A 
2Mg(NOs)e —+ 2MgO + 4NO2t + O21 
^ 


2Ca(NOg)2.—> 2CaO + 4NO2 4 + 024 


vi. Sulphates. Sulphates of alkaline carth metals, MSO4, are 
formed by the action of sulphuric acid on metals, their oxides, 
hydroxides. carbonates, etc. The sulphates are stable to heat, and 
their solubility progressively decreases from BeSO4 to BaSO,. 


vii. Suiphides. The sulphides of alkaline earth metals, MaS, 
are not precipitated by hydrogen sulphide from the solutions of 
their salts as they are immediately hydrolysed to form soluble 
hydrosulphides, e.g., Ca(HS)e : 

2CaS + 2H30 —— Ca(HS)2 + Ca(OH) 

viii. Carbides. The alkaline earth metals form their carbides 
when their oxides are heated with carbon to high temperatures, 
They react with water or dilute acids and liberate hydrocarbons. 
Among the carbides, calcium carbide is the most important and is 
used for the preparation of acetylene. CHo. 

1000*C 
CaO + 3C —— CaC» + CO f 
CaCe + 2H20 —- Ca(OH s + CoHa f 


7. Gradation in properties. The physical and chemical 
properties of the alkaline earth metals regularly vary as the atomic 
number increases. For example. 


(1) Size of atoms and of ions regularly increases. 


(2) The metallic character and reactivity increase. This is 
because the valency electrons are less strongly attracted to the nucleus 
and therefore more easily removed as the radius of the atom 
increases, The increase in the metallic character js seen in the 
increase in the basic strength of hydroxides from Be(OH)s to 
Ra(OH)e. The increase in reactivity is reflected in reactions with 
non-metals. water and dilute acids. For example, beryllium hardly 
at all reacts with even steam, magnesium decomposes boiling water, 
while calcium, strontium, and barium decompose cold water with 
increasing vigour. 

(3) The electropositive character and the strength as reducing 
agent increase. 
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(4) The solubilities of hydroxides and fluorides in water increase. 

(5) The thermal stability of carbonates increases. The tempera- 
tures at which decomposition o! the carbonates occurs are: BeCOs. 
MC MgCOs 540°C; CaCOg 900°C, SrCO3 1290°C; and BaCOs 

(6) The ionization energy, electronegativity, 
decrease. 

(7) Solubilities of sulphates and fluorides decrease. 


2. Comparison of Elements of Groups IA and HA 


Alkaline earth metals differ from the corresponding alkali 
metals in having two valency electrons (alkali metals have onc) and 
unit positive charge more on the nucieus, The extra charge on the 
nucleus draws thc orbital electrons still inward. Hence, their atoms 
are smaller than the corresponding alkai metal atoms. Because 
removal of two orbital electrons further increases the effective nuclear 
charge, their ions are smaller than the corresponding alkali metalions. 
Thus, these elements are denser than group 1A elements. Since these 
metals have two valency electrons which may take part in metallic 
bonding, the elements are harder than the alkali metals, and have 
much higher melting points. Since their atoms are smaller than those 
in group IA, the electrons are more tightly held and their first ioniza- 
tion potentials are higher than those of the alkali metals. Thus, 
their chemical properties are considerably modified. However, 
these two electrons are lost comparatively easily, leaving stable 
positively charged ions with inert gas structure like those of alkali 
metals. This accounts for the similarities in the properties of the 
elements of group IA and IIA. s 


and hardness 


Table 8-2 
Property 


Comparison of the elements of groups 1A and IIA 


Alkali metals 


Alkaline earth metals 


eg A lan i SF ae EO ANIM 


1. Size of atoms 
ions 


2. Hardness 
3. M.P. 


"4. Electropositive 
nature 


S: Valency 


6. With water and 
acids 


7. Nature of com- 
pounds 


8. Hydroxides 


9. Carbonates 


Largest in the 
periods. 

Soft. 

Low (28°— 180°C). 
Highly electropositive and 
reactive. 

Consistency +1. 

React vigorously and dis- 
place hydrogen, 


Tonic, colourless (except 
when anion is coloured, 
soluble in water*. 


respective 


Very stiongly basic; stable 
to hea.*. 


Soluble, stable — towards 
heat*. 


Largest, next to alkali metals. 


Moderately hard. 
Much higher (700°—1280°C). 
Slightly less electropositive 
and less reactive. 
Consistently +2. 


React less vigorously and 
displace hydrogen. 

Ionic, colourless, soluble in 
water except carbonates, 
phosphaies, sulphates, and 
fluorides. P 
Less strongly basic; 
oxides on heating. 
Insoluble, decompose to 
oxides on strong heating. 


yield 
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10, Bicarbonate» Stable. solids at room tem- Exist only in solution. 
perature. É 

11. Action of heat Yield nitrites and oxygen. Yield oxides, nitrogen di- 

on nitrates oxide, and oxygen. 

12, Hydrides fonic, contain H“. form  lonic, contain H~, form 
directly. directly. 

13, Nitrides Do not form directly”. Form directly. 

14. Carbides Do not form directiy* Form directly. 

15. Flame test Characteristic colorations. Characteristie colorations. 


A —— 


*Except lithium 
MAGNESIUM, Mg 


3. Magnesium in Nature 


Magnesium ranks sixth in the order of abundance of elements 
in the earth's crust, However, it never occurs free in nature. The 


important minerals which contain magnesium compounds are : 

(1) Magnesite, MgCOs 

(2) Dolomite, MgCO;.CaCOs 

(3) Carnallite, KCI.MgCls.6H20 

(4) Kainite, KeSOa. MgSO4.MgCle.6H2O 

(5) Epsom salt, MgSOa.6H20. 

Sea water contains about 0'4 per cent magnesium as the 
chloride, sulphate, and bromide. Despite such a low proportion, sea 
water is the most important source of magnesium owing to its availa- 
bility in virtually unlimited amount. Magnesium is an essential cons- 
tituent of chlorophyll, a key. substance in the photosynthesis reaction 
in green plants. 


4. Extraction of Magnesium 

4-1, By electrolytic reduction of magnesium chloride. 
Magnesium is extracted by the electrolysis of fused magnesium 
chloride. Sodium chloride is added to iower the temperature of 
fusion and to increase the electrica! conductivity of the melt. The 
electrolysis is carried out in the reducing atmosphere of coal gas or 
hydrogen to protect (the liberated magnesium, which is in the molten 
state, from reaction with atmospheric oxygen. The cell is externally 
heated to help the electrolyte molten at 700°C. The steel cell acts 
as the cathode while a graphite rod suspended vertically in the 
molten bath acts as the anode. The anode is surrounded by a por- 
celain tube with an exit for chlorine (Fig. 9-1). This arrangement 
prevents contact between the molten magnesium liberated at the - 
cathode, which rises to the surface on account of its low density. 
It is periodically removed by ladles and is cast into ingots. The 
chlorine liberated at the anode is used to make more magnesium 
chloride from magnesium oxide. 


A mixture of debydrated carnallite, KCl. MgCla.6H30, and 
sodium chloride is often electrolysed to produce magnesium. 
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Reactions : 
Atanode : Cl — Cl + e ;2Cl — Cl»? 
Al cathode : Mg*++ 2e- — Mg 


graphite anode 


- 


porceiain hood 


— coal gas 


Fig. 9-1. Extraction of magnesium by th 
electrolysis of molten magnesium chloride. 
Production of anhydrous magnesium chloride, Magne- 
sium chloride is prepared mostly from sea water and to a small 
extent from the minerals magnesite and brucite. 


(a) From sea water. Sea water contains Mg?* ions. It is treated 
with calcined dolomite* when the Mg?* ions are precipitated as 
magnesium hydroxide. 

MgCle + (CaO.MgO) + 2H2O — CaCl, + 2Mg(OH)s 

calcined dolomite 


Magnesium hydroxide is filtered off and heated to obtain the oxide. 


A 
Mg(OH) —> MgO + H:01 
Magnesium oxide is mixed with powdered coke and heated in an 
atmosphere of chlorine. Molten magnesium chloride is produced 
according to the reaction— 
850° 
MgO + C + Cle —— MgCh + COt 
(b) From magnesite and brucite. The mineral magnsite MgCOs, 
or brucite, Mg(OH)s, is calcined to give magnesium oxide. 
MgCOs — MgO + COs ^; Mg(OH): > MgO + H0 1 


*The mineral dolomite, CaCO,.MgCO,, upon calcination yields : 
product consisting of CaO and MgO, called calcined dolomite. 


calcine 
CaCO,MgCO ——— CaO.MgO + 2C0:¢ł 
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The magnesium oxide obtained is converted into magnesium chloride 
as before. 

4-2. By thermal reduction of magnesium oxide. Mag- 
nesium is also prepared commercially by the reduction of magne- 
sium oxide with ferrosilicon (an alloy of iron and silicon) at 1200— 
1250°C under reduced pressure (less than 4mm of mercury). 

MgO + Fe — FeO + Mg 
2MgO + Si — SiOz + 2Mg 
The iron oxide and silica combine to form iron silicate slag, which 
is removed. 
FeO + SiOg — FeSiOg (iron silicate slag) 

4.3, Pure magnesium, Pure magnesium of 99:999 per cent 
purity is obtained by repeated sublimation of commercial magnesium 
in vacuum. 

5. Physical Properties of Magnesium 

Magnesium is a silvery white. lustrous metal, density 

1774 g/om3, m.p. 651°C. b.p. 1100°C It is malleable and ductile at 


higher temperatures: it is softer and more plastic than beryllium, It 
is a good conductor of heat and electricity. 


6. Reactions of Magnesium 

Magnesium is a highly electropositive, reactive element, and 
shows great affinity for oxygen and other electronegative elements. 
Its important reactions are : 

1. With air, Magnesium is rapidiv dulled by oxidation by 
atmospheric oxygen. However, the oxide film protects the underlying 
metal from further action. When heated above its melting point in 
air, it burns with a brilliant white light, very rich in ultraviolet rays 
forming the oxide and the nitride. 

2Mg + Os — 2MgO (magnesium oxide) 
3Mg + Na - MgaNs (magnesium nitride) 

2. Combination with non-metals, Besides oxygen and 
nitrogen, magnesium directly combines with phosphorus, sulphur, 
and the halogens at appropriate temperatures to form the corres- 
ponding binary compounds. 

12Mg + 2P4 > 4MgsPz (magnesium phosphide) 
Mg + S- MgS (magnesium sulphide) 
Mg + Xz > MgXe (magnesium, halide) 

3. With water, Magnesium reacts very siowly with cold water 
since the resulting hydroxide, Mg(OH)s, is only slightly soluble. It 
decomposes boiling water slowly, but rapidly displaces hydrogen 
from steam. 

Mg + H30 > MgO + Het 
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4. With acids. Magnesium comes before hydrogen in the 
electrochemica! series. Therefore, it readily displaces hy drogen from 
acids, including carbonic acid, HaCOs. 


Mg + 2H* > Mg?* + Ha 
Mg + 2H4COs > Mg(HCOs)2 + Ha ^ 


It is also attacked by alkali hydrogen carbonates and various 
salts which give acid reaction by hydrolysis. 


5, As a reducing agent. Magnesium is a powerful reducing 
agent. It continues to burn in carbon dioxide and reduces it to 
carbon. 


2Mg + CO, > 2MgO + C 


It reduces the halides of titanium, uranium, etc. on heating. 
TiCi, + 2Mg — Ti + 2MgCl; 
UF, + 2Mg > U + 2MgF; 


The great reducing tower of magnesium is utilized in separating 
many nietals and non-metals, such as titanium, zirconium, boron, 
silicon, etc. from their halides and oxides. 


7. Uses of Magnesium 


I. Most of the production of magnesium is used in making 
alloys, the most important of which are those with aluminium and 
zinc. These light-weight alloys offer a combination of lightness and 
Strength. Hence, these are used extensively in building aeroplanes, 
guided missiles, speed boats, dirigibles, racing cars, ladders, light- 
weight garden furniture, etc. Important alloys are the ‘electrons 
(3-10% Al, 0°2-3% Zn, and the rest Mg), and magnalium (5-30% 
Mg, rest Al). These alloys are not only light but are alse much 
stronger than the individual metals of which they are composed. 


2. Mixtures of powdered magnesium and oxidizing agents are 
used in photographic flashlight powders, signal flares, fireworks, and 
incendiary bombs. 


3. Magnesium is used as a reducing agent in the extraction of 
titanium, vanadium, uranium, zirconium, and other metals. 


4. It is also used as a deoxidizer in metallurgy to remove oxygen 
dissolved in molten metals. 


5. Lumps of magnesium are attached to pipelines, underground 
storage tanks, hulls of ships, etc. to protect copper or iron against 
Corrosion; the more reactive magnesium corrodes in preference to 
steel or copper. This kind of protection is known as sacrificial 
corrosion. 
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COMPOUNDS OF MAGNESIUM 


8. Magnesium Oxide, MgO 
It is usually prepared by calcining the mineral magnesite, 
MgCOs. It isa white loose powder, commonly known as magnesia. 
Owing to its high melting point (above 3000°C), it is used as a re- 
fractory* for making crucibles, pipes, and bricks. 


9. Magnesium Hydroxide, Mg(OH); 

Magnesium oxide slowly combines with water to form mag- 
nesium hydroxide. It is precipitated as a sludge on adding an alkali 
io a solution of Mg?* ions. 

Mg?* + 2 OH- — Mg(OH)s 

A suspension of magnesium hydroxide in water, called milk of 
magnesia, is used as a mild laxative and as an antacid to neutralize 
excess stomacb acid. 


10. Magnesium Nitride, Mg;N, 

Preparation. It is made by heating magnesium strongly in 
nitrogen or ammonia. 

3Mg + Na > MgsN? 
3Mg + 2NHs > MgsNs + 3H» 

Properties. Yt is a colourless solid. It reacts with water, even 

in cold, giving ammonia. 
Mz3Ns + 6H;0 + 3Mg(OH)o + 2NHa 1 

li. Magnesium Chloride, MgCl» 

Magnesium chloride occurs naturally in sea water and in thc 
mineral carnallite, KCl.MgClo.6H30. 

Preparation. It can be prepared by dissolving magnesium metal, 


magnesium oxide, or magnesium carbonate in dilute hydrochloric 
acid. On concentrating the resulting solution MgClz.6HO crystallises 


out, 

Properties. Hydrated magnesium chloride is a colourless, 
crystalline, deliquescent solid, highly soluble in water. When heated, 
it first loses four molecules of water of hydration and then undergoes 
177tial hydrolysis without yielding the anhydrous salt. 

MgCle + H20 = Mg(OH)C! + HCI 

Anhydrous magnesium chloride is prepared — 


I. By heating the hydrate MgCls.6HsO in a current of dry 
chlorine. This shifts the equilibrium in the above reaction to the left. 


*Refractoryis any material which is not damaged by heating to high 
temperatures. . 
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2, By heating the double salt of magnesium chloride and 
ammonium chloride obtained by evaporating a solution containing 
equimolecular quantities of-tne two salts. 

MgCiz.NH4CL6H20 + MgCle. NH4CI + 6H30 f 
MgClg.NH4C! > MgCl; + NH3 1 + HCI f 
The dissociation of ammonium chloride (NH4CI — NHs + HCl) 
provides an atmosphere of HCI. 

3. By heating magnesium oxide strongly with carbon and 

chlorine. 
MgO + C + Cl; > MgCl» + COt 

Uses. (1) Inthe electrolytic extraction of magnesium. (2) In 
cotton dressing. (3) In making Sorel’s cement, which is used for 
dental stopping and for cementing glass with metals. It is made by 
mixing a saturated solution of magnesium chloride with magnesium 
oxide. The resulting paste sets to a hard marble like mass of the 
composition. MgClz 5MgO.xH,0. 

12. Magnesium Carbonate, MgCO; 

Preparation. lt occurs naturally as magnesite and dolomite, 
It is made by adding sodium hydrogen carbonate solution to the 
solution of a magnesium salt 

Mg?! + 2NaHCO3 > MgCO; | + 2Na* + H20 + COst 
(in magnesium salt) 

Properties. It isa white solid, almost insoluble in water but 
readily soluble in acids forming corresponding magnesium salts with 
the liberation of carbon dioxide. 

MgCOs + 2HCI > MgCl + H90 + COs f 
It also dissolves in water containing dissolved carbon dioxide forming 
magnesium hydrogen carbonate. 
MgCOs + H:O + CO:  Mg(HCOs)2 


On heating, it decomposes to give magnesium oxide and carbon 
dioxide 
A^ 
MgCO; —— MgO + CO» 
Uses. (1) It is used in toothpastes, and asa filler for paper, 


rubber, and paints. (2) In the mineral form it is used as a source o 
magnesium and many of its compounds. 


13. Magnesium Sulphate, MgSO, 


Preparation. It occurs naturally as kieserite and. is present in; 
sea water and in some springs. It is made commercially by fractiona 
crystallization from minerals or by the action of dilute sulphuric ac 
on magnesium carbonate 

MgCOs + HgSO, -> MsSO4 + H20 + cO,t 
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Crystallization at room temperature yields the heptahydrate, 
MgSO4.7H;0, called the Epsom salt. On heating to 200°C, it gives 
anhydrous magnesium sulphate. 

Uses. (1) As a laxative. (2) As a filler for paper. (3) In the 
treatment of textile fibres to render them non-inflammable. (4) In 
the dyeing and tanning processes. 


14. Interconversion of Compouads 


A given soluble compound of magnesium can be converted into 
another soluble compound through the preparation of magnesium 
carbonate by adding sodium hydrogen carbonate to the solution of the 
given compound. Magnesium carbonate is filler off and treated with 
the appropriate acid to obtain the desired compound. For example, 


NaHCO, HCI 
MgSO, ———> Mg(OH)2 | ——-* MgCle 


NaHCO, H,SO, 
MgCl ar omits Mg(OH )a Eo > MgSO4 


An insoluble compound such as magnesium oxide, magnesium 
carbonate, or magnesium sulphide can be converted into a soluble 
compound by treatment with an appropriate acid. For example, 


HNO, HCI 
Mg(NOs3)2 <— MgCOs ——> MgCla 
CALCIUM, Ca 


15. Calcium in Nature 

Calcium is too reactive to occur free in nature. In the com- 
bined state it is widely distributed and occurs in various minerals 
as— 

(i) Carbonate in limestone, marble, chalk, marine shells, pearls, 
etc. Dolomite is a double carbonate of calcium and magnesium, 
CaCOs.MgCOs. 

(ii) Sulphate in anhydrite, CaSO4. and gypsum, CaSO4.2H20. 


(iii) Fluoride in fluorspar, CaFo, and fluorapatite, 3Caa(PO4)o. 
CaFe. 

(iv) Phosphate in phosphorite, Cas( PO4)s. 

Soluble salts of calcium are present in ground waters and sea 


water. Shells of marine animals are made of mainly calcium carbo- 
nate while bones and teeth of animals are largely made of calcium 


phosphate. 


Calcium is one of the basic elements of human life, an intake 
ef approximately 1 gram of calcium ion being needed every day. 
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16. Extraction of Calcium 


Calcium is extracted by the electrolysis of fused anhydrous cai- 
cium chloride to six parts of which is added | part of calcium fluoride. 
This mixture melts at 644°, about 130° lower than calcium chloride 
alone, The electrolysis is carried out in a furnace lined with graphite, 
which serves as the anode, The cathode is a steel pipe which can be 
moved upward as well as downward. The cell and the cathode are 
both water-cooled (Fig. 9-2). 


Be Y 
Camm 
Fig. 9-2. Electrolytic production of calcium, 


The water-cooled cathode is so adjusted that its tip is just 
below the surface of the electrolyte. As the metal deposits in the 
molten state, the cathode is slowly raised. The molten calcium 
adheres to the cathode and solidifies as it rises up with it. Thus, 
an irregular rod of calcium is formed. Subsequently, the lower end 
of this rod begins to serve as the cathode, During its upward move- 
ment, the rod of calcium is protected from oxidation by a layer of 
solidified electrolyte. When the cathode has reached its upper 
extreme, the rod of calcium is removed. It contains about 85 per cent 
«alcium; the rest being the solidified electrolyte. The rods are melted 
and cast in an atmoshere of argon or distilled under high vacuum to 
obtain pure calcium, 


17. Physical Properties and Reactions of Calcium 


(i) Calcium js a silver-white, light metal (sp, gr.—1" i 
malleable and ductile, ight metal (sp. gr.—1755). It is 


(ii) Action of air. In the air, it becomes coated with a layer 
of oxide, hydroxide, and carbonate. When gently heated in air, it 
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burns with a bright reddish flame, forming the oxide CaO. A little 
nitride, CagNo, is also formed simultaneously. 


(iti) Action of water, Calcium reacts with water to form its 
hydroxide and liberate hydrogen. 
Ca + 2H30-— Ca(OH): + Haft 
(iv) Action of acids. Calcium reacts vigorously with acids to 
form calcium salts and liberate hydrogen. 


(v) Combination with non-metals, Calcium is a very reactive 
metal. Besides oxygen and nitrogen, it combines directly when heated 
with hydrogen, sulphur, halogens, and phosphorus forming the hyd- 
ride (CaHg), sulphide (CaS), halides (CaX»; X «CI, Br, I), and the 
phosphate (CagPo) respectively. 


18. Uses of Calcium 
(i) As a dehydrating agent for drying alcohol, etc. 
(ii) As a deoxidizing agent for such metals as copper, magne- 
sium, aluminium, etc., and for absorbing air from castings. 


(iii) As a hardening agent for lead used in making bearings, 
covering cables, etc. 


(iv) As a reducing agent in the production of certain metals 
from their oxides. 


(v) For the manufacture of calcium hydride (hydrolith). 
COMPOUNDS OF CALCIUM 


19. Calcium Hydride, Hydrolith, CaH; 
Preparation. Mt is prepared by passing hydrogen over heated 
calcium. 
Ca + Ha + Cala 
Properties. (1) It is a colourless, ionic solid. It yields hydrogen 
on the anode when electrolysed in the fused state. 
(2) If reacts with water liberating hydrogen. 
CaHg + 2H20 -> Ca(OH)e + 2H2 t 
(3) It absorbs carbon dioxide forming calcium formate. 
CaHa + 2C04 > (H.COO):Ca 


Use. As a convenient source of hydrogen for baloons, etc. 
under the trade name ‘hydrolith’. 


20. Calcium Oxide Quicklime, CaO 


Preparation. \t is made industrially by heating limestone in 
kilns to 800-—1000*C by means of producer gas. 


CaCOs + CaO + COgt 
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Froperties. (1) It is a white amorphous powder, m.p. 2600°C, 
which becomes incandescent on heating and emits intensely bright 
light (called limelight). 


(2) It vigorously combines with water forming shaked lime or 
calcium hydroxide. 


CaO + H20 — Ca(OH) 


(3) It is a strongly basic oxide and reacts with acids and acidic 
oxides, e.g., SiOs, forming salts. For example, 


CaO + 2HCI > CaCle + HO 


A 
CaO + SiO? + CaSiOs (calcium silicate) 


(4) It reacts with chlorine in two different ways: when moist, 
it gives bleaching powder; at red heat, it forms calcium chloride with 
the liberation of oxygen. 


moisture t 
CaO + Cle ————5 CaOCle (bleaching powder) 


red heat 
2CaO + 2Cl, ———> 2CaCls + Os f 


(5) Slaked lime reacts with ammonium salts upon heating, 
liberating ammonia 


2NH4Cl + Ca(OH)s —> CaCl + 2H30 + 2NHst 


(6) When heated to 2000°C with carbon, it gives calcium 
carbide, CaCg. 


CaO + 3C > CaCs + CO 4 


(2) In the manufacture of calcium carbide, CaCs, and bleaching 
powder, CaCI(OCI). 


(3) As milk of lime for the purification of sugar and for white 
washing. (The milky suspension of calcium oxide in water is called 
milk of lime), 


à (4) In the laboratory as a drying agent and for making soda- 
lime and lime water. 


21. Cz]cium Carbide, CaC, 


Preparation. |t is made by heating quicklime with powdered 
coke to 2000°C in an electric furnace. 
CaO + 3C — CaCs 4-CO 4 


The charge is heated by the heat of the electric are struck 
between the graphite electrode suspended vertically and another 
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graphite electrode at the bottom. The resulting molten calcium 
carbide is run off periodically, cooled, and broken into lumps. 


Properties. (i) It is a hard, crystalline substance which is white 
when pure. The commercial product is usually dark grey due to 
impurities. 

(ii) It reacts readily with cold water producing acetylene. 

CaCa + 2H20 > Ca(OH)s + C2H2 f 

(iii) When heated to 1000—1100°C in nitrogen, in forms cal- 
cium cyanamide, CaCNg, and free carbon. 

CaC2 + No > CaCNs; + C 


Uses. (1) As a source of acetylene which is used as a fuel in 
welding and metal cutting, and as a raw material for the production 
of a large number of organic compounds and synthetic rubber. 


(2) In the manufacture of calcium cyanamide, which is used as 
a fertilizer. 


22, Calcium Carbonate, CaCO, 


Preparation. This substance occurs in nature in many forms, 
e.g., marble, chalk, limestone, etc. It is formed as a fine precipitate 
when carbon dioxide is passed through lime water or when a soluble 
carbonate is added to tbe solution of a calcium salt. 
Ca(OH)s + CO2 —— CaCOs | +H20 
lime water 
Ca2+ + COs?” —- CaCOs | 
incalcium soluble 
salt carbonate 
Properties. Calcium carbonate is a white solid, almost insoluble 
in water. It dissolves in water containing dissolved carbon dioxide 
ferming calcium hydrogen carbonate, and in acids forming correspon- 
ding calcium salts with the liberation of carbon dioxide. 


CaCOs + H20 + COs > Ca(HCO3)s 
CaCOs + 2HCI + CaCls + H20 + COs t 


On strong heating, calcium carbonate decomposes to yield 
calcium oxide and carbon dioxide. 


A 
CaCOs —— CaO + CO: 


Uses. Different forms of calcium carbonate are used for 
different purposes : (i) Limestone is used for the manufacture of 
lime, cement, washing soda, glass, and as a flux in metallurgy. (ii) 
Marble is used in the construction of buildings and in the laboratory 
for producing carbon dioxide. (iii) Chalk (mineral) is used as a filler 
in paints. (iv) Precipitated chalk (calcium carbonate) is used in tooth- 
pastes, etc. 
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23. Calcium Chloride, CaCl, 


Preparation. Yt is present in sea-water and ground water. It is 
obtáined as a by-product in the manufacture of sodium carbonate by 
the Solvay process. It may be prepared by the action of hydro- 
chloric acid on calcium carbonate. 


CaCOs + 2HCI > CaCle + H3O + CO: 1 


The solution on evaporation deposits hydrated calcium chloride, 
CaCls.6H40. 


Properties. Calcium chloride in a white, very deliquescent 
substance. it is highly soluble in water, 159 g of the salt dissolves in 
100 g of water at the boiling point. When strongly heated, it loses 
all water of hydration yielding the anhydrous salt. 


Anhydrous calcium chloride readily absorbs water to form 
CaCle 6H20. It also absorbs ammonia to form CaCls 8NHa. 


Uses. (i) Fused calcium chloride is used as a dessicating agent 
for drying gases and liquids, 

(ii) It is sprinkled on roads where it absorbs moisture, becomes 
moist, and keeps the dust down. 


(iii) It is mixed with ice to produce freezing mixtures with 
temperatures as low as —55°C. 

(iv) Calcium chloride is used for the production of calcium by 
its electrolysis in the fused state. 


24. Calcium Sulphate, CaSO, 


This compound occurs in nature as anhydrite, CaSO4, and 
gypsum, CaSO4.2H20. In the laboratory, it may be prepared by 
adding dilute sulphuric acid or any soluble sulphate (which give 
SO,* ions) to an aqueous solution of a calcium salt (which contains 
Ca?* ions). 


CaCle + H2504 > CaSO41 + 2HCI 
Ca?* + S04% — CaSO; } 


Calcium sulphate thus obtained is in the form of the dihydrate, 
CaSO4-2H,0. 


Gypsum, i.e., calcium sulphate dihydrate, when heated to 120°C 
loses three-quarters of its water of crystallization to form the hemi- 
hydrate, CaSO4.}H20 or 2CaSO4.H30. called plaster of Paris, A 
paste of plaster of Paris with water sets to a hard mass with the 
composition of CaSO4.2H2O. This change is accompanied by 8 
slight expansion. 


If gypsum is heated above 200°C, whole of its water of 
crystallization is lost and the anhydrous calcium sulphate is produced. 
The mass now obtained does not set with water and is called dead 
burnt gypsum. 
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Uses. (i) Calcium sulphate (gypsum) is used for making plaster 
of Paris. Plaster of Paris is used for the making of moulds, etc., in 
surgery for plastering fractured bones, and for making 'chalk' sticks 
for writing on black boards. 

(ii) Gypsum is used in the manufacture of cement, in agriculture 
to correct the alkalinity of soils, and for impregnating filter papers. 


(iii) Anhydrous calcium sulphate is used as a drying agent for 
gases and organic liquids. 


25. Calcium Nitrate, Ca(NC:) 

It occurs in the soil and is used by the plants. It is made on a 
large scale by the action of dilute nitric acid upon limestone, On 
evaporating the solution, colourless, deliquescent crystals of calcium 
nitrate separate. 

CaCOs + 2HNO3 - Ca(NO3)s + H0 + COs f 

limestone calcium nitrate 

On heating, it decomposes to give calcium oxide, nitrogen 
dioxide, and oxygen. 


å 
. 2Ca(NO3)a ---> 2CaO + 4NOat + O21 


A mixture of calcium nitrate and calcium oxide is used in 
agriculture as a fertilizer under the name Norwegian saltpeter. 


26. Superphosphate of Lime 


Preparation. This important phosphatic fertilizer is made by 
treating calcium phosphate (phosphorite rock or bone ash) with a 
calculated quantity of sulphuric acid, usually chamber acid. 
Cag(POs)e+2H2SO4+S5He > Ca(HgPO4)2H20 4-2(CaSO4.2H230] 

.cajeium calcium dihydrogee gypsum 
phosphate phosphate 


/The resuiting mixture of monocalcium phosphate and gypsum 


solidifies to a hard mass. It is finely ground and sold under the 
name superphosphate of lime, It usually contains a little undecom- 
posed calcium phosphate. 

Properties. Superphosphate of lime isa white substance, much 
more soluble than normal calcium phosphate. 


Use. It is used as a phosphatic fertilizer. It easily dissolves in 
soil moisture and becomes available for assimilation by plants. 


27. Bleaching Powder 

Bleaching powder is a handy source of chlorine which, being 
solid, is more convenient and safer to transport than gaseous or 
liquid chlorine. 

27-1, Preparation, Bleaching powder is made by the inter 
action of slaked lime (calcium hydroxide) and chlorine in towers so 
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designed that the finely powdered slaked lime passes downward 
against a stream of the upflowing chlorine (counter current principle). 
The reaction is exothermic, and the rate of interaction is so controlled 
that the temperature does not go above 35°C to prevent the forma- 
tion of calcium chlorate. The product is a white, amorphous solid, 
whose actual composition is not known. However, it behaves chemi- 
cally as if it were a mixture of calcium hypochlorite, Ca(ClO)2, and 
basic calcium chloride, CaClg.Ca(OH)s.HaO. It is usually shown in 
chemical formula as calcium chloride hyprochlorite. CaCI(OCI). 

27.2. Properties and reactions, (1) Bleaching powder is a 
pale-v hite amorphous powder with a strong odour of chlorine. It is 
soluble in water, and the solution gives the tests for Ca?*, CI", and 
CIO- ions. The insoluble residue left when bleaching powder is added 
to water consists of unchanged lime. 


(2) Reaction with dilute acids. When bleaching powder is treated 
with an insufficient quantity of a dilute acid, hypochlorous acid is 
formed. 

CaCl(OCl) + HCl > CaCl + HCIO 
With excess of the dilute acid, however, chlorine is liberated. 
CaCI(OCI) + 2HCI — CaCle + H0 + Cle t 
CaCI(OCI) + HaSO, > CaSO, + H20 + Cla 
The amount of chlorine thus liberated is called its ‘available chlorine’. 


It is a measure of the quality of the bleaching powder. A freshly 
made sample contains about 36 per cent of available chlorine. 


In moist air, bleaching powder, gradually loses its chlorine by 
the combined action of water (moisture) and carbon dioxide, and its 
market value goes down. 

CaCI(OCI) + HO + COs + CaCOs + H20 + Cla f 

(3) Oxidizing reactions. Like sodium hypochlorite, bleaching 
powder also contains the hypochlorite ion, CIO", and gives similar 
oxidizing reactions, It liberates iodine from acidified solutions of 
iodides, and oxidizes manganese (II) salts to manganese dioxide and 
lead (IT) salts to lead dioxide in the presence of alkalis. 

i (4) Decomposition. When a thin paste of bleaching powder 
is heated in the presence of a little cobalt chloride, it is catalytically 
decomposed with evolution of oxygen. 

2CaCI(OCI) + 2CaCls + O2 1 

27-3. Uses. (1) As a bleaching agent. Bleaching powder is the 
cheapest bleaching material available, and is extensively used for 
bleaching raw cotton, linen, and wood pulp for paper making. 


(2) As a disinfectant (under the name ‘chloride of lime’). 


(3) In the manufacture of chloroform for the oxidation of ethvl 
alcohol and the chlorination of the resulting acetaldehyde. 


(4) As an oxidizing agent in certain chemical industries. 


ELEMENTS OF GROUP IIA 23 


28. Mortar and Cement 


28-1, Mortar. A paste-like mixture of one part of slaked lime, 
three or four parts of sand, and enough water is called mortar. It is 
used for binding bricks and for plastering. On standing in air it sets 
to a hard mass due to the loss of moisture by evaporation and the 
conversion of slaked lime into crystalline calcium carbonate by the 
action of atmospheric carbon dioxide. 


Ca(OH)s + CO; -> CaCOs + H20 


The calcium carbonate binds together the particles of sand and 
unchanged lime. The sand renders the mass porous and prevents the 
mortar from craking as it sets. 


28.2, Portland cement, Portland cement, often called simply 
cement, is one of the most important building materials. It is essen- 
tially a finely powdered mixture of various silicates, aluminates, and © 
aluminoferrites of calcium, formed form limestone and clay. 


Manufacture. Powdered limestone (which provides lime) and 
clay (which provides silica and alumina) are thoroughly mixed in 
proper proportions, dry or wet. Dry process is employed in the case 
of hard limestone while the wer process is suitable when the raw 
materials are soft, fuel is cheap, and the climate is fairly moist. The 
dry mixture or the wet ‘slurry’ is roasted at about 1500°C in a 
cylindrical rotary kiln until it sinters. The kiln consists of a large 
steel tube, slightly inclined and lined on the inside with firebricks. 
The cement mixture is fed at the raised end, while a blast of burning 
coal dust, oil; or gas is blown in from the other end. Due to the 
incline and slow rotatory motion of the kiln, the mixture slowly slides 
downward into zones of increasing heat. In the central part, where 
the temperature is 800—1000?C, the limestone decomposes to give 


lime. 


CaCO3 + CaO + COg 


chimney charge 


coal dus! 


dust 
chamber 


Fig. 2-3. Rotary kiln for the manufacture of cement. 


In the lower part, the temperature is 1400 - 1600°. Hers lime reacts 
with the silica and alumina in clay to produce a mixture of calcium 
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silicate and aluminate in the form of greenish-black hard balls about 
the size of pea, called clinker. The clinker is allowed to cool and then 
ground with 2-3 per cent of gypsum, CaSO4.2H20, to an exceedingly 
fine powder. Addition of gypsum retards the setting of the cement. 
The dirty greenish, heavy powder thus obtained is the Portland 
cement. 


In use, cement is mixed with sand and enough water to give 
the mixture the consistency of paste. On standing, this paste 
undergoes complex chemical changes and sets to a hard rock-like 
mass. It is widely used in the construction of buildings, roads, etc. 
Its inertness toward water makes it indispensabie for the construction 
of dams and submarine structures. The concrete used for the cons- 
truction of roads, foundations, floors, etc. is made by adding water 
to a mixture of cement, gravel or crushed rock, and sand. Jt may 
also be poured into moulds in which it sets to a hard rock-like mass. 
Structures made of concrete in which steel rods or netting is embed- 
ded are called reinforced concrete structures. These structures possess 
great strength and are used in the construction of bridges, roofs, 
tanks, etc. 


29. Interconversion of Compounds 


The interconversion of soluble compounds of calcium can be 
achieved through the precipitation of insoluble calcium carbonate 
and the treatment of the latter by an appropriate reagent. For 
example, 

Na,CO, HNO. 


CaClp ——> CaCO3} ——-> Ca(NOs)e 
Na,CO; 2HCI 
Ca(NOs) ——- CaCOs |, —— — CaCl 
Questions 


" I, Arrange the hydroxides of the alkaline earth {metals in the order of 
increasing basicity, and explain the reason for variation. 


2. Explain the reason why— 
i. alkaline earth metals are denser than alkali metals, 
ii. alkaline earth metals are harder than alkali metals, 
fii. alkaline earth metals always form divalent and ionic compounds 
which are usually colourless, and 
sodium chloride is added to fused magnesium chloride when itis 
electrolysed for the isolation of magnesium ? 


, .3. Write the names or formulae of two different types of compounds of 
calcium and magnesium to justify their position in the periodic table. 


iv. 


4. (a) Name three important minerals of magnesium ? 
(b) Why is sea water the most important source of magnesium ? 


ua) Describe in brief the electrolytic process for the extraction of mag- 
nesium. Give equations for the electrode reactions that occur. 


(d) Give the names of two alloys of magnesium and their approximate 
compositions. What are these alloys used for ? What properties of these alloy 
make them useful fer these applications ? 
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5. (a) Give two reactions for the preparation of anhydrous magnesium 
Chloride. Why cannot anhydrous magnesium chloride be prepared by heating 
the hydrated chloride ? Listits important uses. 


(6) Describe the preparation, properties, and uses of magnesium 
carbonate. 


6. (a) Give a brief account of the manufacture of calcium. Mention two 
compounds of calcium which occur widely in nature. 


(b) Compare the action of calcium and sodium with cold water. 


T (c) How will you prepare samples of the following from calcium carbonate: 
bleaching powder and calcium sulphate ? 


[Hint. Calcium carbonate will be converted into calcium oxide by strong. 
heating. Calcium oxide will be slaked with water to obtain calcium hydroxide, 
Ca(OH), Calcium hydroxide will be converted into bleaching powder by inter- 
dn with chlorine and into calcium sulphate by neutralizing it with sulphuric 
acid. 


7. (a) How is calcium oxide made industrially ? 
(b) Describe the important properties of calcium oxide. 
(c) List the important uses of calcium oxide. 


8. Give the preparation, properties, and uses of— 
i. calcium carbide, 

ii. calcium sulphate, and 

iii. superphosphate of lime. 


9. Write explanatory notes on mortar and Portland cement, 


10. What happens when— 
i. Hydrated magnesium chloride is heated, 


ii. magnesium oxide mixed with coke is heated in a current of dry 
chlorine, 


iii. magnesium nitride reacts with water, 
iy. bleaching powder is treated with excess of dilute sulphuric acid, and 
y. bleaching powder is exposed to moist air ? 
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Elements of Group IIIA 


Group III of the periodic table contains as many as 37 elements 
arranged in the sub-groups A and B. 


Ga—In—Tl IHA 
B—A)/ 81 49 81 
5 18 SC—Y——La——Ac 1B 


21 29 (57-7D (89-103) 


This large number of elements is due to the presence of two series 
of transition elements in this group : the /anthanide series or the 
cerium family (elements. 57-71) and the actinide series or the 
thorium family, (element 89—103) both in the subgroup B. 


Boron and aluminium are the typical elements of group III, but 
they are more closely related to the members of the sub-group IIIA 
in valency and chemical behaviour. Many chemists do not favour 
the inclusion of boron and aluminium in either subgroup, and 
prefer to consider them a family by themselves. 


1. Position of Group IIIA Elements in Periodic 
Table 


1, Electronic configuration, The elements of group IIIA 
have three valence electrons, and are distinguished by the n5? np! 
ending in their electronic configurations. Thus, they belong to the 
p-block of elements. 


Table 10-1. Electronic configurations of group IITA elements 
Pise JA qe HUS o OCEAN rapa inni ^n apples f al a 
Element Symbol At. No. Electronic configuration 

1. Boron B 5 15%; 2s%, 2p? Or, [He] 2s*, 2p* 
2, Aluminium Al 13 155; 25, 2p*; 3s? 3p! Or, [Ne] 3s%, 3p* 
3. Gallum Ga — 31 15%; 25%, 2p*; 35*, 3p*, 3419; 4s*, 4p} Or, [Ar] 48%, 4p* 
4. Indium In 49 [Kr] 55*, 5p* 
5. Thallium TI 81 [Xe] 6s%, 6p* 


2l Eure c tone c S a ge SRE 

2. Valency. All of the Group IIIA elements show a valency 
of +3. In addition to the +3 valency, gallium, indium, and 
thallium also show +1 valency in many compounds. The +3 


(26) 


ELEMENTS OF GROUP IIIA 27 


valency is in fact common to the elements of both the subgroups 
IIIA and IIIB. This will be clear from the formulae of some of the 
compounds of aluminium and cerium, e.g , AlzO3, Ce203; Al(OH), 
Ce(OH)s; Ale(SOa)s, Cea(SOq)s; etc. 


3. Type of bonding. Owing to the small size of their ions 
which carry high electrical charge and the large values for the sum of 
the first three ionization energies, the elements tend to form covalent 
bonds. However, with the exception of boron which is always 
covalent, they can all exist in aqueous solutions as hydrated positive 
trivalent ions, e g., AI*, Gat, etc, This is possible because of the 
large amount of hydration energy evolved which compensates the 
high ionization energy. 


4. Metallic character, The Group IIIA elements vary from 
nonmetallic for boron to metallic for the others. However, the 
metallic properties of these elements are much less pronounced than 
in the corresponding elements of the Groups IA and IIA. The first 
element boron, having a very small atom, exhibits markedlv non- 
metallic properties. In fact, boron resembles silicon and carbon, 
the nonmetals of group IVA, more than it does the other Group 
IIIA elements. It is brittle and is not a good conductor of heat or 
electricity. 

5. Chemical reactivity. Group IIIA elements are chemically 
far less reactive than the elements of Groups ITA and IA. They are 
practically unaffected by air and water. However, boron and 
aluminium react rather vigorously with most electronegative elements, 
such as nitrogen, oxygen, and halogens, at higher temperatures. 


6. Reaction with alkalis, Boron and aluminium react with 
alkalis to form borates and aluminates respectively, and liberate 
hydrogen. 

2B + 2NaOH + 2H20 - 2NaBOs + 5nsf 
sodium metaborate 


2Al + 2NaOH + 2H30 + 2NaAIOs + 3Hs* 
sodium metaaluminate 


7. Reducing action, Both boron and aluminium are powerful 
reducing agents at high temperatures. 
4B + 3COz2 — 2B303 + 3C 
2Al + FesOg > AlsOs + 2Fe 
8. Compounds. The compounds of these elements are predo- 
minantly covalent, with the possible exception of AIFs, which shows 
considerable ionic character. However, the salts of aluminium and 
other metals of the group ionize in water to form the tripositive ions, 
eg., AIS*. 
i. Oxides. Boron and aluminium directly combine with oxygen 
to form the oxides BgO3 and AlsOs respectiveiy. 
4B + 302 — 2B203 
4Al + 304 mas 2AlsO3 
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Boron oxides, B203, is weakly acidic and dissolves in water 
forming boric acid, a weak acid, in solution, 


B,Oy + 3H;0 —> 2H3BO3 (boric acid) 


Aluminium hydroxide is, amphoteric and therefore will dissolve 
in acid or base to form Al~ or AlOg” respectively. 


Al0O3 + 6H* — 2AIS* + 3H20 (basic character) 
AlgOg + 2OH^ + 2AIO. + H20 (acid character) 

ii. Hydroxide. The hydroxide cf boron is boric acid, B(OH)s 
or HBOs: Aluminium hydroxide is amphoteric. 

iit, Nitrides. Both boron and aluminium directly combine with 
nitrogen to form the nitrides BN and AIN. Thèse nitrides are 
decomposed by water with evolution of ammonia.- 

BN + 3H30 + HsBOs + NH3 
AIN + 3H40 — AKOH)s + NH3 

iv. Halides. Both boron and aluminium form trihalides of the 
formula MXs. Except Bly all the tribalides can be made by heating 
the elements directly with the halogens. 

2B + 3X4 + 2BX3; X Cl or Br 
2Al -+ 3Xq — 2AIX,; Xe CI, Br, or I 

Boron trichloride is a fuming liquid, while aluminium chloride is a 
low melting solid. In aqueous solutions aluminium chloride yields 
hydrated Al3* ions; boron chloride does not form B** ions. 

In their chlorides, boron and aluminium have only six electrons 
43% pi), and are thus two electrons short of the next noble gas confi- 
guration (s? pf). 


Cl: Crt 
«Cs BY Cl: cies Alt Cl: 


However, up to 500°C or in solutions in inert solvents, alumi- 
nium chloride exists in the dimeric form, AlgCle; boron chloride 
does not dimerize, and exists as BCls. 


2. Aluminium in Nature 

Aluminium is too active chemically to occur free in nature. In 
chemical combination, however, it is the most widespread metal in 
the earth's crust, in which it occurs to the extent of 78 per cent and 
ranks third among all elements in the order of abundance. It occurs 
in various minerals as— 

(i) oxide in corundum AlgOs, bauxite, AlgOs.2H30, etc., 
(íi) fluoride in cryolite, NasAIFs or AIFs. 3NaF. 
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(iii) basic sulpbate in alunite, KgSOq.Alo(SO4)3.4H20, 
(iv) aluminate in spinal, Mg(AlOs) or MgO.Al;Os, and 
(v) silicate in kaolin, slate. etc., AlgO3.2SiOz.2H20. 
The principal source of aluminium is bauxite. In India, 


bauxite is found in Madhya Pradesh, Maharashtra, Tamil Nadu, 
Bihar, and Kashmir. 


3. Extraction of Aluminium 


Aluminium is extracted from bauxite. This involves three 
“steps : 


(1) Purification of bauxite*, Following processes are in use : 


(a) Baeyer's process. The bauxite is roasted at a low tempera- 
. ture to convert the ferrous oxide into ferric oxide. The roasted 
- bauxite is ground to a fine powder and digested with a hot concen- 

trated solution of sodium hydroxide under pressure. The aluminium 
- Oxide of the bauxite passes into solution as sodium aluminate, 


Al2O3 + 2NaOH -* :NaAIO; + H40 


- The impurities of ferric oxide, titanium dioxide, and silica remain 
- undissoived and are filtered off. 


n The filtrate containing dissolved sodium aluminate is diluted 

And stirred with a little freshly prepared aluminium hydroxide, 
The impurities of ferric oxide, titanium dioxide, and silica remain 
undissolved and are filtered off as ‘red mud’. 


| The filtrate containing dissolved sodium aluminate is diluted 
and stirred with a little freshly prepared aluminium hydroxide 
(seeding operation’) for several days. This hastens the ga of 
sodium aluminate to aluminium hydroxide which is precipitated, 


NaAIOs + 2H30 + AI(OH)s 4 + NaOH 


The aluminium hydroxide is filtered off and calcined when a high- 
purity alumina is obtained, 


2AKOH)s —» AliOs + 3HgO + 


The filtrate, which is an aqueous solution of sodium hydroxide, is 
— Used again for digesting the crude bauxite, 


(b) Hall's process. This process is employed for the purification 

of low-grade bauxites. Crude bauxite is heated to bright redness with 

um carbonate and limestone. The product, consisting of sodium 

- aluminate. calcium silicate, and unchanged ferric oxide, is treated 
_ with water to dissolve out sodium aluminate, 


Al2O3 + NasCOs - 2NaAIOs + COst 
SiGz + CaCOs > CaSiO3 + COs f 


-_ 


“now iy. Serpeck's aluminium nitride process for tbe purification of bauxite is 
. Bow obsolete and is nowhere employed. 
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The water extract 1s neated to 50—60°C and a stream of carbon 
dioxide passed throngh it when aluminium hydroxide is precipitated. 
This is separated and calcined to obtain alumina. 

2NaAIOs + 3H20 + CO: > 2A\(OH)s3 + + NaaCOs 
The sodium carbonate is recovered and used again. 


(2) Electrolytic reduction of purified alumina dissolved 
in fused cryolite. The purified alumina, AloOs, is added to molten 
cryolite contained in à large iron tank lined with gas carbon. Copper 
plates are moulded into carbon lining to form the electric connection 
to the cathode. The anodes consists of hard pure carbon blocks which 
are immersed in molten cryolite (Fig. 10-1). The resistance of the 
electrolyte to the huge current generates enough heat to keep the 
substances in molten state at about 1000°C, Aluminium ions are 
discharged at the cathode and the molten metal, which collects at 
the base of the cell is drawn off from time to time. When the 
concentration of alumina falls below a certain level, the resistance 
of the bath suddenly increases 8-10 times, At this stage, an electric 
lamp connected across the terminals of the cell begins to glow very 
brightly. More alumina is now added to the molten electrolyte. 


The electrode reactions are : 

1. Reduction at cathode : Alt + 367 > Al 

2. Oxidation at anode : 0%- + C > CO + 2e7 
oxide ion L 


Net reaction : 2AI8*-- 30% + 3C > 2AI + 2CcO 


The carbon anodes are gradually consumed during the process, and 
have to be frequently replaced. The crust of the solidified electrolyte 
and alumina prevents the loss of heat by radiation and the burning 
of anodes above it. The aluminium obtained is 99:594 pure with 
traces of iron and silica. 

In modern practice, an artificial mixture of the fluorides of 
aluminium, sodium, and calcium, 2AIFs. 6NaF.3CaFa, is used in 
place of cryolite. 


carbon lining 
cathode — 


meta! outlet 


Fig. 10-1, Electrolysis of alumina dissolved in fused eryolite. 


(3) Electrolytic refining of aluminium, Aluminium of 999 
per cent purity is obtained by  Hoope's electrolytic process, It 
employs a fused bath consisting of three layers in a carbon-lined iron 
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tank (Fig. 10-2). The densities of these layers are such that their 
separation is maintained during electrolysis. 

(i) The bottom layer in contact with the carbon lining consists. 
or molten impure aluminium containing copper (to increase its 
density) and serves as the anode. 


(ii) The middle layer consisting of a fused mixture of the 
fiuorides of sodium, aluminium, and barium saturated with alumi- 
nium oxide is the electrolyte. 


(iii) The top layer is of pure molten aluminium and serves as 
the cathode. 


pure 
aluminium 
(cathode) 


"molten alumina and. 7. m: 
orides (electrolyte) = = 


«m 


Fig. 10-2. 


As electrolysis proceeds. Alt ions from the middle layer 
(electrolyte) are discharged into the top layer (cathode) as metallic 
aluminium. An equivalent amount of aluminium from the bottom 
layer (anode) passes into the middle layer as Al3t, leaving copper, 
iron, and silicon which are not oxidized under these conditious, 
Pure aluminium is periodically drawn off from the top layer while 
molten impure aluminium is added to the bottom layer through a 
carbon-lined funnel. 


Paar : 
Hoope's electrolytic process of refining aluminium. 


4. Physical Properties of Aluminium 


(1) When freshly cut, aluminium has a silver-white appearance. 
However, owing to the formation of an oxide film on the surface, it 
appears dull white in colour. It is capable of taking a high polish. 


(2) It is very light (sp. gr. 2.7) and comparatively a soft metal. 


(3) It is malleable and ductile and possesses high tensile 
strength. It is, however, not very tenacious. 


(4) It is one of the best conductors of electricity ranking below 
only silver, copper, and gold in this respect. Weight for weight, it 
is twice as good a conductor of electricity as copper. That is, an 
aluminium wire weighs only half as much as a copper wire of equal 
electrical conductivity. 
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(5) Aluminium «an be welded, cast, or spun. It is, however, 
not capable of being soldered easily. 


(6) It has a fairly high melting point, 657°C, and a very high 
boiling point, 2056°C. 


5. Reactions of Aluminium 


(1) Although a highly electropositive metal, aluminium is 
resistant to corrosion. This is due to the thin but tough film of 
oxide which forms on its surface when it is exposed to moist air, 
and which protects it from further action. Thus, it is not attacked 
by air, water, or steam and is converted into its oxide only when 
heated above 800°C. It directly combines on heating with nitrogen 
and halogens forming the nitride, AIN, and the halides AlXs 
respectively. 


(2) Action of acids. Aluminium displaces hydrogen from 
hydrochloric acid but is less readily acted upon by dilute sulphuric 
acid. 

2Al + 6HCI > 2AICIs + 3H: t 

Hot” concentrated sulphuric acid dissolves aluminium forming 

aluminium sulphate and liberating sulphur dioxide. 
2Al + 6H2SOs — Ale(SOg)a + 6Hg0 + 3502 

Nitric acid, even when concentrated, not only has no action on 
aluminium, but even makes it ‘passive’ so that after treatment with 
nitric acid it will not dissolve in dilute hydrochloric or sulphuric 
acid either. This is due to the immediate formation of a bighly stable 
but invisible protective oxide film on the surface. 

(3) Action of alkalis. Aluminium dissolves in concentrated 
alkalis forming aluminates and liberating hydrogen. 

2A] + 2OH~ + 2H30 > 2A10s7 -- -3Hs* 
When boiled with a concentrated solution of sodium hydroxide, 
aluminium gives sodium aluminate and hydrogen. 
2Al + 2NaOH + 2H90 > 2NaAlO2 + 3H» f 

(4) Reducing action. Aluminium reduces many metallic oxides, 
eg. 

Cr20s + 2Al > 2Cr + AlsOs 
Feo0s + 2Al > 2Fe + AlgOa 

(5) Displacement reactions. Aluminium displaces less electro- 
positive metals like mercury, silver, gold, etc., from their saits, For 
example, it displaces mercury from mercuric chloride and dissolves 
in the displaced mercury forming the amalgam, 

2A] + 3HgCls > 2AIClg + 3Hg 


*The aluminate ion AlO;-, is hydrated and is probably [AIO4(H,O),]- 
„ritten in the simple form AI(OH),-. This equation may, therefore, be written as : 


2A! 4 20H^ + 60.0 > 2ANOHJ7 + 3H, 4 
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6. Uses of Aluminium 


(1) Due to its lightness, high tensile strength, resistance to 
corrosion, and attractive appearance, aluminium is used— 


(i) For making household utensils. 
(ii) For the fabrication of industrial plants for food, dairy, and 
pharmaceutical industries. 
(iii) In the form of foil for wrapping foodstuff, medicines, etc.» 
and in capping milk bottles. 
(iv) In the form of powder for making aluminium paints. 
(v) In buildings and constructional work. 


(vi) For calorization, i.e., for laying aluminium coating on iron 
and other metals. For this purpose, iron and steel parts to 
be ‘calorized’ are heated in a mixture of aluminium powder 
and alumina at ' 00 —950*C. 

(2) Due to its great affinity for oxygen, it is used— 

(i) In thermite welding. 

(ii) For preparing corbon-free metals, such as, Cr and Mn by 
the reduction of their oxides. 

(iii) As a deoxidizer in the manufacture of steel. 

(iv) For making certain explosives, e.g., ammonal (a mixture of 
aluminium powder and ammonium nitrate). 

(v) In flash light bulbs. These contain fine aluminium wire 
and enough oxygen to burn it completely. The wire burns 
with an intense white light when ignited by hot filament. 


(3) Being good conductor of electrity, it is used for the 
manufacture of electrical transmission wires. 
. (4) Being an excellent reflector of light, it is used for making 
mirrors for reflecting telescopes. 


(5) For making alloys, e.g., duralumin, magnalium, alnico, 
aluminium bronzes, Y-alloy, etc. 


COMPOUNDS OF ALUMINIUM 


7. Aluminium Oxide, Alumina, AlO; 


Tt occurs naturally as bauxite and corundum and also as ruby, 
emarald, sapphire, etc., which have characteristic colours due to 
metallic impurities. Tt can be made by heating the hydroxide 
strongly ; 

^ 
2AXOH)s —> AlgOs + 3H30 t 
4 t is a white crystalline powder which is extremely hard and 
infusible, It is an amphoteric oxide. It is used for making refrac- 
tories and ceramics, and as an abrasive. 
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8. Aluminium Hydroxide, Al(OH)s 


It is obtained by adding ammonium hydroxide to a solution of 

an aluminium salt : 

3NH40H + AB* + AKOH)s |. + 3NH;* 

It is an amphoteric substance due to the following equilibria : 
Al$* + 3OH- @ AKOH)s @ AlO2” + H* + H20 

It dissolves in acids forming aluminium salts (A1**) and in alkalis to 
give aluminates containing the AIO?" ion. 

A\(OH)3 + 3HCl > AICIs + 3H20 

AKOH)s + NaOH + NaAIOs + 2H20 

It is used as a mordant for which purpose it is precipitated on 
the fibres of the cloth which is then dipped into the dyestuff. It is 
also used for water-proofing cloth. 

9. Aluminium Chloride, AICI; or Al, Cle 

Preparation, When aluminium or its hydroxide is dissolved in 
hydrochloric acid and the solution is concentrated, colourless crystals 
of AlClg,6HgO are deposited. 

2A) + 6HCI -* 2AICIs + 3H» t 

When heated, the hydrated aluminium chioride leaves a residue 
of alumina and does not yield the anhydrous salt. 

f 2A1Cla.6H:0 —> AlsOs + 9H20 t + 6HCT 

Anhydrous aluminiuzo chloride i; made by two methods : 

(1) By the action of gaseous or liquid chlorine on aluminium 
metal. 

2Al + 3Cla > 2AICIS 
The reaction is sufficiently exothermic and the aluminium chloride 
vaporizes as it is formed. 

(2) By strongly beating alumina with carbon and chlorine. 

Al2O3 + 3C + 3Cle > 2AIClg + 3CO f 

Properties. (i) Anhydrous aluminium chloride is a white, 
crystalline, and extremely deliquescent substance. It dissolves freely 
in organic liquids. 

(ii) It fumes in moist air owing to the liberation of hydrogen 
chloride by hydrolysis, and reacts vigorously with water giving an 
acidic solution for the same reason. 

AlCls +3H30 + Al(OH)3 + 3HCI 
On evaporating the solution, HCl is evolved and aluminium hydro- 
xide is precipitated. 
. (iii) On heating, it sublimes at 183°C. Between 183—400°C 
its vapour density corresponds to AlgClg while above 800°C and in 
solution, its molecular weight corresponds to the formula AlCls. 
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(iv) It forms addition compounds with substances such as 
ammonia, phosphine, carbonyl chloride, etc. which can donate a lone 
pair of electrons. Its addition compound with ammonia corresponds 
to the formula AICl3.6NHs. 


Structure. Anhydrous aluminium chloride is‘ largely ‘covalent 
and exists as a dimer, AloCls. In the simple molecule AlClg, each 
aluminium atom has six electrons in the outermost shell; these 
molecules link together in pairs by co-ordinate bonds so that each 
atom of aluminium may have eight electrons in its outermost shell. 
The dissociation of the dimeric molecules starts above 400°C and is 
complete abeve 800°C. 


ay INTAS] i 
Pe E ud 
CI CI CI Ct 
The covalent dimeric structure is retained in non-polar solvents 
such as, benzene but in aqueous solutions it breaks down into 
[AI.6HgO]3* and 3CI" ions because of the high heat of hydration. 
Uses. (1) As a catalyst in Friedel-Craft's reaction. 
(2) In the cracking of petroleum. 


10. Aluminium Nitride, AIN 
Preparation, (i) By heating aluminium powder in nitrogen at 
about 750°C. 
2Al + Na > 2AIN 
(ii) Bj heating alumina with coke and nitrogen. 
AlyOs + 3C + Na —> 2AIN + 3CO t 
Properties. (i) It is a colouless crystalline solid. 
(ii) It reacts with boiling water or alkalis to yield ammonia. 
AIN + 3H30 — AI(OH)s + NHs Î 
AIN + NaOH + H20 — NaAIOs + NH3t 
Use. Its formation was the basis of the now obsolete Serpeck's 


rocess for the fixation of nitrogen of air and for the purification of 
auxite. 


11. Aluminium Sulphate, Al,(SO)s 


Preparation. By dissolving aluminium or its hydroxide in sul- 
phuric acid. On evaporating the solution, crystals of Ala(SO4)5.18H30 
are obtained. 


On a large scale, it is made by the action of hot sulphuric acid 
on bauxite or China clay. 


AlsOs + 3H2504 > Ale(SOa)s + 3H20 
AlaOs.2SiO2.2H3O + 3H2804 > Ala(SOa)s + 28102 + + 5H$0 
China clay 
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The insoluble substances, e.g., sand, etc. are removed by filtra- 
tion and the filtrate is evaporated to crystallisation. 


Properties. Aluminium sulphate is a white crystalline subs- 
tance which dissolves freely in water. Its aqueous solution is acidic 
due to hydrolysis. It forms double sulphates, called alums, when 
dissolved in water together with an equivalent amount of an alkali 
metal sulphate and crystallized. 


Uses. (i) For the purification of water. 
(ii) As a mordant in dyeing and calico printing*. 
(iii) In the tanning of leather. 
(iv) In the water-proofing of cloth**, 

(v) As a filler in the manufacture of paper. 
(vi) In foamite fire extinguishers. 
(vii) In the manufacture of alums. 
12. Alums 
The double sulphates having the general formula 
M2S04.N2(S04)3.24H20 


where M is a univalent ion such as Nat, K*, or NH4*, and N is a 
trivalent ion such as Al8+, Fe5*, Cr3+ are called alums. For example, 


KeS04.Alo(SOg)3.24H2O Potash alum 
KeSQa.Cro(SO«)3.24H20 Chrome alum 
(NHa)2S04.Ala(SO4)3.24H20 Ammonium alum, etc. 


These are formed by dissolving equivalent amounts of their com- 
ponent sulphates in hot water and crystallizing. All the alums 
crystallise in the form of octahedral crystals. Thus all of them are 
Hy eee Lithium sulphate is an exception and does not form 
alums. 

12-1 Potash alum, K2SOq.Alo(SO4)3.24H20. This is the most 
common alum and is often called simply alum. 


Preparation. (1) It may be prepared by crystallization from a 
saturated solution containing equivalent amounts of potassium sul- 
phate and aluminium sulphate. 


(2) By dissolving aluminium foil in the least quantity of caustic 
potash solution and treating the resulting solution of potassium 
aluminate with sulphuric acid until it is just acidic. This produces 


*In calico printing, the desired design is printed on the cloth witha 
solution of the dye containing a mordant and starch or gum. The cloth is then 
steamed. The metallic hydroxide, e.g., AI(OH);, adsorbs the dye which will cling 
permanently to the fabric. 


**The cloth is soaked in a saturated solution of alum and then steamed. 
Alumininm hydroxide resulting from hydrolysis deposits in the capillaries of cotton 
and makes it waterproof. 


Al,(SO4)s + 6HOH + 2AI(OH), + 3H,S0, 
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equivalent amounts of potassium sulphate and aluminium sulphate 
in solution which yields common alum upon crystallization. 


2Al + 2KOH + 2H30 > 2KAIOs + 3H f 
2KAIO2 + 4H3SO, > K3S0, + Als(SO4)s + 4H20 


(3) Itis commercially prepared from the mineral alunite or 
alumstone, KeSOq.Alo(SOg)2.4Al(OH)s. Jt is calcined and treated 
with sulphuric acid when the Al(OH)s component is also converted 
into aluminium sulphate. The insoluble impurities are removed by 
filtration. An additional amount of potassium sulphate is dissolved 
in the filtrate and the alum allowed to crystallize. 


KaSO4.Ale(SO4)s.4AKOH)s + 6H2SOg>KeSO4+3Ale(SOa)s + 12H30 
KeSO4 + Ale(SO4)s + 24H90 —> KaSO4.Ala(SO4)a.24H90 
Properties. (i) It is a colourless crystalline solid, highly soluble 
in water. The solution contains the ions K+, Al’*+, and SO4? and 
gives an acidic reaction due to hydrolysis. 
AI9* + 3HOH = AI(OH)s + 3H* 


(ii) On heating, it loses, water of crystallization and swells, and 
finally leaves a residue of burht alum. 


A $ 
K2S04.Al2(S04)3.24H20 —> KaSÒ4 + Ale(SOa)s + 24H80 t 


Uses. Alum is used for the same purposes for which aluminium 
sulphate is used, e.g., for purification of water, as mordant, for tann- 
ing of leather, and as filler in the manufaçture of paper. It is also 
applied externally on cuts to stop bleeding. 


13. Aluminothermy or Alumino-thermic Process 


Aluminium has great affinity for oxygen and combines with it 
with the libration of much heat. 


4Al + 302 > 2Al30s + 772,000 cal; 


When a mixture of aluminium powder and a metallic oxide 
(e.g., Fe2O3) is ignited, a vigorous and highly exothermic reaction 
occurs and the oxide is reduced to metal. 


Fe2O3 + 2Al > AlgOs + 2Fe + 199,000 cal. 


The large amount of heat set free so suddenly produces a 
temperature of 3000—3500°C at which the iron and aluminium oxide 
become: liquid. Reactions of this type, called thermite reactions or 
Goldschmidt reactions after the name- of the discover, Hans Golds- 
chmidt, a German chemist, form the basis of the aluminothermic 
process. This process has two important applications : 
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(1) For the thermite welding of iron and steel. A mixture of 
aluminium powder and ferric ‘ 

oxide, called thermite, is placed 

in a conical converter (Fig. 10-3) 
lined on the inside with gra- 

phite. A small amount of ig- 

nition powder consisting of 

barium peroxide and powdered 

magnesium is placed in a cavity 

atthetop of the thermite. A 

fuse of magnesium ribbon is 

pushed into the ignition powder 

forstarting ignition. The ends 

of the broken pieces of iron Fig. 10-3. Thermite welding. 
(e.g., of a girder) are placed ri : 

close together and surrounded by a fireclay mould with a funnel 
shaped opening at the top. 


When the magnesium ribbon is lighted, the ignition powder 
catches fire and ignites the thermite. Within a few seconds, the white- 
hot molten-iron, produced by the reduction of its oxide, flows out 
from the bottom of the converter welding together the broken ends 
bel the iron object. After solidification, the superfluous iron is trimmed 
off. 


magnesium ribbon 


converter 
: ignition powder 


thermite 


clay mould 


broken rall 


(2) In the extraction of high melting metals, such as. manganese, 
chromium, molybdenum etc., from their oxides and in the production 
of carbon-free metals and alloys. 

Cr,O3 + 2A] — 2Cr + Al0O3 
3Mn40, + 8Al — 6Mn + 4A190s 


14. Interconversion of Compounds 


Soluble compounds of aluminium can be interconverted into 
ose another through the preparation of aluminium hydroxide by the 
addition of ammonia solution to a solution of the given aluminium 
salt. The precipitated aluminium hydroxide is separated by filtration 
and treated with the appropriate reagent to obtain the desired com- 
pound. For example, 


NH,OH ¢ Hcl 
Alo(SO4)s --—- AKOH)s 4 —— AlCla 


NH,OH H,SO, 
AlClg —+ AKOH)s 4 ——> Als(SO4)s 


Questions 


1. Write the names or formulae of two different types of compounds for 
aluminium and ceríum to justify their position in the periodic table. 


2. Discuss the position of aluminium in the periodic table on jthe basis 
of it? -lectronic configuration. 
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3. Aluminium, like boron, is a p element, How do you account for the 
likeness and the difference in their properties on the basis of their electronic 
«configurations. 

4. Explain the reason why— 

(1) boron is always covalent in its compounds, 

(2) AIF; is ionic while AICI, is predominantly covalent in character, 

(3) an aqueous solution of aluminium chloride readily attacks a strip of 
magnesium with the evolution of a gas ? 

5. (a) Write the name and the formula of the ore from which aluminium 
is extracted. 

1b) One of the processes employed for the purification of the ore from 
which aluminium is extracted is called Baeyer's process. Write the three main 
operations of this process and give a balanced chemical equation for each opera- 
tion. 

(c) Describe how aluminium is produced from the purified ore (technical 
details are not required). 

(d) Give two properties of aluminium and two uses based on the properties 
you have given. 

6. Starting from aluminium ch'oride how would you obtain the following : 
(1) aluminium hydroxide, (2) aluminium oxide, and (3) aluminium sulphate. 
Give equations. 

7. What happens when— 

i. aluminium reacts with sodium hydroxide solution, 
fi, aluminium is placed in copper sulphate solution, 

iii. aluminium carbide is treated with water, 

iv. aluminium nitride is treated with water ? 

8. (a) Give two methods for the preparations of anhydrous aluminium 
chloride. 

(b) Describe the important reactions of aluminium chloride. 

(c) Discuss the structure of aluminium chloride. 

i 9. (a) What are alums? Give the names and formulae of any three 
alums. 

(b) Describe the preparation of potash alum from aluminium metal. 

(c) How is potash alum manufactured from aluminium minerals ? 

(d) What happens when potash alum is strongly heated ? 

10. Write a short note on the aluminothermic process and its applications. 


Key 
3. The e'ectronic configuration of boron is 1s*, 2s? 2p!, and of aluminium 
is 152, 252 2p*, 3s?! 3p. The identical number of valency electrons in their atoms 
explains their likeness, while the difference in the structure of the next to the 
outermost shells and the size of the atoms. and especially the presence of vacant 
Ad orbitals in aluminium atoms, account for the differences in their properties. 


4, (1) Boron has a high ionization energy and its atom is very small. 
, (2) As compared to the small F~ ion, the much larger Cl~ ion is greatly 
polarized by the Alt ion. 
... Q) An aqueous solution of alumiaium chloride contains hydrochloric 
acid formed by hydrolysis. 
AlCl, + 3H,0 = AOH), + 3HCI 
It therefore reacts with magnesium with the evolution of hydrogen gas. 
Mg + 2HCI > MgCl, + Het 
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5. (b) The three operations are : 
1. The ore is treated with hot concentrated scdium hydroxide solution. 
Al,O, + 2NaOH + 2NaAIO, + H:O 


ii, The resulting solution (filtrate) is agitated with water and a small 
quantity of freshly precipitated aluminium hydroxide (seeding). 


NaAIO, + 2H,0 + Al(OH); + + NaOH 
iii. The precipitate of aluminium hydroxide is ‘strongly heated to obtain 
aluminium oxide. 
4 
2AK(OH); —-* Al,O,+ 3H,0 t 


(c) Purified bauxite is dissolved in fused cryolite, Na,AIF,, and electro- 
lysed ina peser tank lined with gas carbon (cathode) using pure carbon bricks 
às anodes. Al, ions are reduced to aluminium at the cathode, 


Al*+ + 3e7 + Al (at cathode) 
Q!- + C + CO + 2e- (at carbon ancde) 
Or, 2AM* + 30% + 3C + 2AI + 3CO t 


Elements of Group IVA 


(Silicon and Lead) 


In the periodic table, the elements of Groups JA and IIA at the 
extreme left show strong electropositive, metallic characier. while 
elements of Groups VIA and VIIA at the extreme right show: 
strong electronegative, non-metallic character. As we proceed 
inward from these exiremes to Groups IIIA and VA, the metallic 
or non-metallic character, respectively, is still present, though 
far less pronounced. Here, in Group IVA, the metallic or 
non-metallic character has reached to its minimum. Thus, the 
elements carbon and silicon of group IVA represent a transition 
from the metals of group IA, ITA, and IIIA to non-metals of 
groups VA, VIA, ard VIIA in the second and the third period 


respectively : 

Group 4 IA HA IIA IVA VA VIA VHA 

Period 2 > Li Be B c N o F 

Period 3 -» Na Mg AI Si P E cl 
URE EEG Ge U 
Electropositive Sn Electronegative non= 
metallic elements Pb metallic elements 


As with the Group LIA elements, this group of elements goes from 
typical non-metals, C and Si, to typical metals, Sn and Pb, with Ge 
placed in between as a metalloid—sort of a transition from the 
non-metals to metals. 


1. Position of Group IVA Elements in Periodic 


Table 


1. Electroaic Configuration, All of the Group IVA elements 
are characterised by an outer electron shell containing two s and two 
p electrons, i.e., by the ns?np* ending, which accounts for the likeness 


in their chemical behaviour. 


Table 11-1 Electronic configurations of Group IVA elements 
Element Symbol At. No. Electronic contiguration 
Carbon c 6 1s?, 2s? 2p? Or, [He] 25! pt 
Silicon Si 14 153,25! 2p*, 35?3p* Or, (Ne] 35? 3p* 
Germanium Ge 32 153, 25?2p*, 35?3p'd'^, 4s* 4p* Or, [Ar] 3419, 45* 4p* 
Tin So 50 Or, [Kr] 4d’, 55! 5p* 
Lead Pb 82 Or, [Xe] 4f, 5d!*, 6st6p* 


(41) 


42 1.8.C. CHEMISTRY VOL. II 


2. Valency. The valency commonly shown by the Group IVA 
elements is +4 for carbon and silicon, and +2 and +4 for Ge, Sn, 
aud Pb. The +4 valency necessitates the unpairing of the s electrons 
of the valence shell and the promotion of one of thsee electrons to 
the p level, thus giving rise to four unpaired electrons. 


1s 25. 2p 


Electronic structure of carbon 
atom—ground state t l t l j 


2 unpaired electrons; 
thus can form two 
covalent bonds. 


is 2s 2p 


Electronic structure of carbon Pw 
atom—excited state [ t | 7 TOSEN 
| j Í | 


4unpaired electrons; 
thus can form four 
covalent bonds. 

The stability of the +4 valency decreases and that of the +2 
valency increases on descending the group. This results from the s 
electrons in the valence shell remaining paired, and not participating 
in bonding, because the energy to unpair them is too great This 
phenomenon, called the inert pair effect, is quite common particularly 
among heavy elements in the p block. 


3. Type of bonding. To a large extent, the elements of Group 
IVA form four-covalent compounds. The divalent compounds of 
tin and lead are more ionic because the radius of M2+ is greater than 
M** and according to Fajans rules, the smaller the ion the greater 
thetendency to covalency. The tetravalent compounds of tin and 
lead are, therefore, predominantly covalent. The extremely large 
amount of energy required to form M4* ions suggest that tetravalent 
ionic compounds will form only with the highly electronegative 
elements, such as F and O. Thus, the compounds SnF4, SnOs, PbF4, 
and PbO; are significantly ionic. 


4. Metallic/nonmetallic character, The metallic character 
becomes increasingly more pronounced from carbon to lead. Jt is 
reflected in the appearance of the elements, in physical properties 
such as malleability and electrical conductivity, in the acidic or basic 
properties of the oxides, and in the increased tendency to form M?* 
ions. 

5. Chemical reactivity, The Group IVA elements are. relati- 
vely inert at room temperature and are not affected byair or water. 
At high temperatures they take part in many reactions. When heated 
in air all of them burn to form their oxides. At high temperatures 
they decompose water in the form of steam, forming their oxides 
and liberating hydrogen from water. Germanium, tin, and lead 
displace hydrogen from acids and combine with most nonmetals. 
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Except carbon, all other elements react with concentrated alkali 
solutions and liberate hydrogen from them. 


Si + 2NaOH + H20 — NasSiOs + 2Hs 1 
sodium silicate 


Sn + 2NaOH + H20 > NasSnOs + 2Ha 1 
sodium stannate 


Pb + 2NaOH — NasPbOs + Het 
sodium plumbite 


6. Chemical compounds. The common compounds of these 
‘elements are the oxides, hydrides, and halides. 


i. Oxides, They all form the monoxide MO, and the dioxides 
MO». The common oxides for carbon, silicon, and tin are the 
dioxides— COs, SiOs, and SnO» respectively. However, the stable 
oxide of lead is the monoxide, PbO. The acidic character of the 
dioxide decreases as the element increases in atomic number. The 
oxides and hydroxides of tin and lead are amphoteric. Tin (II) oxide 
and hydroxide form stannite ion (SnOs?-) upon reaction with a 
base, and lead (II) oxide and hydroxide form plumbite ion (PbOs?-). 
The +4 oxides, i.e., SnOg and PbOs form stannates (SnOs?^) and 
plumbates (PbOs?*-) respectively upon reaction with bases. The 
plumbate ion is a powerful oxidizing agent since the 4-2 valence 
state is much more stable than che 4-4 state for lead. 


Sn(OH)s + 2NaOH -> NasSnO; + 2H30 
Pb(OH), + 2NaOH -> NasPbOs + 3H4O 

ii. Hydrides. All of the Group IVA elements combine with 
hydrogen to form covalent hydrides of the general formula MHa. 
This is in marked contrast to the Group IA and IIA elements, which 
form ionic hydrides. 

iii, Halides. All of the Group IVA elements form covalent, 
volatile tetrahalides. These tetrachlorides develop increasing partial 
ionic character with the rise in the atomic number of the element. 
Except CCly, the tetra-halides are readily hydrolysed. f 

SiCla + 3H20 - H3SiO, + 4HCI 
SnCla + 4H20 —> Sn(OH)4 + 4HCI 
PbCl, + 2H20 —> PbOz 4 + 4HCI 
Tin and lead also form the dihalides, e.g , SnClg and PbCle. 


7. Gradation in properties, The atomic size, the metallic 
character, and the chemical reactivity of the elements increases on 
going down the group, ie., with the increasing number of the 
element. Y 
, The ease with which the hydrides are formed, and their stabi- 
lity decrease with.increasing atomic number. The acidic character 
of the dioxide arid the covalefit character of the tetrahalide progre- 
Ssively decreases down the group. 
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2. Position of Silicon in the Periodic Table 


Silicon, the second element of group IVA is also the fourth 
element of the third period of the periodic table, Its neighbours to 
the left are Na (IA), Mg (IIA), and Al (III) and to the right are P 
(VA), S (VIA), and Cl (VIIA). Situated in the middle of the electro- 
positive elements on the left and the electronegative elements on 
the right, silicon displays neither a strong etectropositive character 
nor a strong electronegative character. The place occupied by silicon 
in the third period of the periodic table is fully justified on the 
following considerations : 


1. Valence electrons. The first element of the third period, 
sodium, has one valence electron (electronic configuration : 2, 8, 1). 
The number of valence electrons increases by one in'the succeeding 
elements to become four in silicon, the fourth element, and is seven 
in chlorine. The maximum valency with respect to hydrogen and 
oxygen varies in a corresponding manner. 


Period 3 Na Mg Al Si P s [e] 
Valence electrons 1 2 3 4 5 6 7 
Maximum valency 

w.r.t. hydrogen 1 2 3 4 t 2 1 
Formula of hydride NaH MgH; AIH,  SiH, PH, HS HCl 
Maximum valency 

W.r.f, oxygen 1 2 3 4 5 6 7 


Formula of oxide Na,O MgO  AHhO, SiO, P,O, SO, CHO, 


2. Metallic character. The first three elements of the third 
period (Na, Mg, and Al)are typical metals. When they are freshly 
cut, they show the bright lustre of metals. They are good conductors 
of heat and electricity. The last three elements (P, S, and CI) are 
typical non-metals. Silicon, though metallic in appearance, is not 
a metallic solid. [t has the atomic arrangement that occurs in dia- 
mond. The silicon crystal is one giant molecule in which each silicon 
atom is surrounded by. and covalently bonded to, four other silicon 
atoms. Owing to the absence of mobile electrons, silicon is not a 
conductor of heat and electricity. 


3. lonization energy and electronegativity. The first ionization 
enery of the third period increases from Na to Cl (with breaks at 
Aj and Sr the ionization energy of silicon having intermediate 
alue The clectronegativity regularly increases from Na to Cl; and 
silicon, s tua ed in the middle, is neither strongly electropositive nor 
Strongly eiectionegative . 


Perlod 3-» Na Mg Al Si P 8 ci 

Tonization energy S1ev  T6ev. 606v. 89ev. IllOev. 104 ey. 157 ev. 

Electronegativity strongly clectro- less neutral clectro- electro- strongly 
electro- positive electro- negative negative 


positive positive negativo 
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E 4. Melting point, boiling point, and specific gravity. The variation 
in the values of these physical properties fully justifies the position 
of silicon as the middle element in the third period, 


EM ÉÉÉÁ———————M——M————————M——M—— 
Third period Na Mg AI Si P S cl 
M.P.*C 98 650 660 1410 600 19  —102 
B.P*C 883 1100 2400 2480 sublimes — 444 —34 
Sp. gr. 0:97 r7 27 24 23 21 r6 


5. Nature of oxíde. Sodium oxide is a strongly basic oxide and 
combines with water to form the alkali, sodium hydroxide. Magne- 
sium oxides is basic but less strongly so than sodium oxide. Alumi- 
nium oxide is amphoteric with the basic character stronger than the 
acidic character. Silicon dioxide is weakly acidic. The acidic 
character of the oxides becomes increasingly strong in phosphorus, 
sulphur, and chlorine. 


Third period Na Mg Al Si P S CI 
Oxide Na,O MgO AlO, SiO, P.O, SO; ChO; 
Nature of strongly basic ampho- weakly acidic strongly very 
oxide basic teric acidic acidic strongly 
ic 


6. Oxidizing and reducing strength. The outstanding chemical 
character common to metallic sodium, magnesium, and aluminium 
is the strong reducing power, Silicon cotinues the trend, but is a 
much weaker reducing agent. Phosphorus shows both reducing and 
oxidizing properties. Sulphur is essentially an oxidizing agent, and 
chlorine is a strong oxidizing agent. 


7. Chemical reactivity. Sodium, the first element of the third 
period is a highly reactive element and readily forms the monovalent 
positive ion, Na*. Chlorine represents the other extreme in chemical 
reactivity, and readily acquires electrons to form monovalent negative 
ions CI". Both of these elements react with water, decomposing it 
with liberation of hydrogen and oxygen respectively. The chemical 
Teactivity of the sodium type regularly decreases up to silicon while 
the chemical reactivity of the chlorine type regularly increases from 
silicon up to chlorine. Silicon is thus a bridge element between the 
group of the three electropositive elements to the left and the three 
electronegative elements to the right. 


SILICON, Si 
3. Silicon in Nature 


Silicon does not occur in nature in the free state. In the 
combined state, principally with oxygen, it is widely distributed in 
nature, being second only to oxygen in this respect. Silicon com- 
prises nearly one-fourth the mass of the earth's crust and plays as 

_ important a part in the mineral kingdom as does carbon in the 
- animal and vegetable kingdoms. Its most common minerals —sand, 
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sandstone, quartz, flint, and rock crystal—consist of silicon dioxide, 
SiOs; feldspars, mica, clay, asbestos, and many other minerals are 
silleates. Certain aquatic organisms (e.g., diatoms) have skeletons 
rich in silica, SiOs, and oat hulls are 40 per cent silica. 


4, Preparation of Silicon 
Silicon forms two allotropic modification—amorphous and 
crystalline. 
Amorphous silicon is prepared by the following methods : 
(1) By beating silicon in a fireclay crucible with powdered: 
magnesium. 
SiO» + 2Mg — Si + 2MgO 
The product is treated with dilute hydrochloric acid to remove 
magnesium oxide, unchanged magnesium and magnesium silicide 
(this is invariably formed in the reduction of silica by magnesium : 
SiOg + 4Mg > MgaSi + 2MgO), and then filtered. Amorphous 
silicon is left as a dark-brown powder. 
(2) By heating silica with crushed coke in an electric furnace 
(commercial process). 
SiO; + 2C — Si + 2CO+ 
Silica must be employed in excess, otherwise the principal product 
is silicon carbide, SiC (SiOz + 2C —> SiC + 2CO f ). The process 
is operated where hydroelectric power is a available, 


Crystalline silicon is prepared by the following methods 

(1) By reducing silicon tetrachloride with aluminium or zinc at 
high temperatures; the aluminium chloride or zinc chloride formed 
volatilizes leaving behind silicon dissolved in the molten metal. 


3SiCi, + 4Al — 3Si + 4AICIS t 
SiC, + 2Zn — Si + 2ZnClg 4 


(2) By the reduction of silica with aluminium powder by means 
of the alumino-thermic process. 


3SiOz + 4AI + 3Si + 2Al203 


In either method, the silicon dissolved in the molten metal is 
deposited as lustrous, needle-shaped crystals on cooling the melt. 
The excess metal is removed with dilute hydrochloric acid which 
leaves the silicon undissolved. 


§, Physical Properties of Silicon 


Although a distinction is often made between the amorphouf 
and crystalline forms of silicon, X-ray analysis shows that the two 
forms differ only in particle s!ze and purity. It is these two 
factors which account for their different physical properties and 
reactivity. 
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Amorphous silicon isa dark brown amorphous powder (sp. 
gr. about 2°35; m.p. about 1500°C) which does not conduct electri- 
city. It is insoluble in water. 


Crystalline silicon possesses the diamond structure in which 
each silicon atom is covalently bonded to four neighbouring silicon 
atoms at the corners of a regular tetrahedron. Thus a single crystal 
of silicon is a three-dimensional giant molecule. Crystalline silicon is 
a dark grey solid with a strong metallic lustre (sp. gravity about 2'5). 
It is hard enough to scratch glass, but is brittle. It melts at 1420°, 
and does not dissolve in or react with water. 


6. Reactions of Silicon 

Chemically silicon is rather inert at ordinary temperatures; the 
crystalline form being still less active. Important reactions of silicon 
are: 

(1) Burning. Intense heating causes finely divided silicon to 
catch fire in air, forming silicon dioxide, SiO3. 

Si + Os -* SiO? 

(2) Action of acids. Silicon is very resistant to acids, dissolving 
only in hydrofluoric acid with the liberation of hydrogen from it. 
The other product of the reaction, viz, silicon tetrafluoride combines 
with excess hydrofluoric acid to form hvdrofluosilicic acid, H2SiFe. 

Si + 4HF — SiF4 + 2He 
SiF4 + 2HF — HeSiFe 
Si + 6HF - HaSiFe + 2He f 

(3) Action of alkalis. Silicon dissolves readily in hot concentra- 

ted solutions of alkalis forming silicates in solution and hydrogen 
Si + 2NaOH + H30 - Na:SiO3 + 2He t 
sodium silicate 

(4) Combination with halogens, Silicon combines with fluorine 
spontaneously and with the other halogens on heating, forming 
corresponding silicon tetrahalides. 

Si +2F, — SiF, (silicon tetrafluoride) 
Si + 2Cla —> SiCl4 (silicon tetrachloride) 

(5) Combination with metals and carbon. Silicon combines with 
many metals on heating, forming silicides, e.g., magnesium silicide, 
MgsSi, and ferrosilicon, FeSi. Heated strongly with carbon, it forms 
silicon carbide, SiC, also known as carborundum. 

2Mg + Si > MgsSi 
Si + C > SiC 


7. Uses of Silicon 


4 (1) For making alloys. Silicon is a constituent of many an 
important alloys to which it imparts acid resistance and great hard- 
ness. The alloy of silicon with iron, called ferrosilicon, is extremely 
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acid-resistant, and is used for fabricating apparatus for redistilling 
nitric acid. It is also used as a deoxidizer (i.e., for removing dissolved 
oxygen) in making castings of steel, copper, and bronze. lt is 
produced by the simultaneous reduction of iron (III) oxide and silica 
with carbon at about 3000°C in an electric furnace. Another common 
alloy of silicon, called silicon bronze, is used in the manufacture of 
telegraph and telephone wires. 


(2) As a semi-conductor. Very pure silicon is used as a semi- 
conductor in transistors in radio engineering, as well as for solar 
batteries used in spaceships for transforming solar radiation into 
*electric energy directly, 


8. Semiconductors 


Semiconductors are covalent crystals which at absolute zero 
would pass no electric current as all the valency electrons would be 
held by the covalent bonds, but which conduct electricity by the 
passage of electrons at normal temperatures. At normal temperatures, 
Some of the electrons have sufficient thermal energy to break free 
from the bonds. These electrons can then migrate, leaving behind a 
positive charge where a bond is missing. Electrical conduction takes 
place by the migration of electrons one way, and the migration of 
‘positive holes’ in the other. Germanium and silicon are the most 
common examples of semiconductors. 


The silicon or germanium used as semiconductor must be 
exceptionally pure (to within 1 part in 1000 million !). This purity is 
achieved by the technique of zone refining. A ring furnace is drawn 
Slowly along a bar of the material, melting a small section as it 
moves. The impurities in the bar move in front of the melted zone, 
and are thus pushed to one end of the bar. After purification, care- 
fully controlled amount of some impurity (e.g. arsenic) is added 
Which becomes incorporated in the crystal lattice. This gives a crystal 
Possessing special electrical properties. Silicon treated in this way is 
‘used in solar cells to convert sunlight into electrical energy. 


9, Silicon Dioxide, SiO, 


Silicon dioxide, commonly called silica, is the most stable 
compound of silicon, and js found abundantly distributed in nature 
both in the crystalline and amorphous varieties. The common 
crystalline form of silica is quartz, a hard, brittle, refractory, colour- 
less solid. Agate is a very finely crystalline variety of quartz. 
Ordinary sand consists of tiny grains of quartz, produced in nature 
by the process of weathering. Sandstone consists of sand particles 
bound together with iron oxide. 


Amorphous silica is found in nature as flint and kieselguhr. 
Flint consists of amorphous silica associated with quartz. Kieselghur 
it a mass of hydrated silica formed from skeletons of minute marine 
Eine nd called diatoms, and occurs in large deposits in some 
places, 
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Preparation. Silica can be prepared artificially by the following 
methods. s 
(1) By burning silicon in air or still better, in oxygen. 
Si + Os — SiO2 
(2) By igniting the gelatinous mass of silicic acid produced by 
decomposing sodium silicate with hydrochloric acid. 


NasSiOs + 2HCI > 2NaC! + HsSiOs | 
sodium silicate + silicic acid 


A 
H2Si0g > SiOz + H3O f 


Properties. (1) Crystalline silica is very hard, insoluble in water. 
It melts above 1700°C to give a viscous liquid with a random internal 
structure. On cooling, this liquid undercools and forms a glass, called 
silica glass. Silica is the only oxide capable of forming an insoluble 
glass by itself. 

(2) Action of acids. Silica is attacked only by hydrotiuoric acid, 
yielding silicon tetrafluoride, SiF4. 


SiOz + 4HF — SiFa +2H20 
(3) Action of alkalis. Silica dissolves in boiling alkali solutions, 
to form silicates. 
2NaOH + SiO2 — NasSiOs + H20 
(4) As an acidic oxide. Silica combines with basic oxides at 
high temperatures forming the salts —silicates. For example, 
SiOs + CaO -* CaSiOg (calcium silicate) 
At high temperatures, silica displaces the more volatile oxides 
from metallic salts forming corresponding silicates. For example, 
SiOz + NagCOs -> NasSiOs + COs 1 
SiO + NasSO, — NasSiOs + SOs f 
3SiOs + Cas(PO4)s -> 3CaSiOs + PsOs t 
‘Of these reactions, the first two are important in glass making and 
the third in the manufacture of phosphorus. à 


(6) With carbon. When heated with powdered coke in an electric 
furnace, silica is reduced to silicon if it is in excess or forms silicon 
carbide if coke is in excess. 

' $iO2 + 2C > Si + 2CO (silica in excess) 
SiO; + 3C + SiC + 2CO (coke in excess) 

Uses. Sand is used in great quantities to make mortar and 
cement, in the manufacture of glass and porcelain, and as an 
abrasive*. i 

*Abrasives are grained or powdered substances of great hardness that sre 
used for rubbing or grinding down surfaces. 
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Quartz is used to make silica glass or quartz glass by melting 
in an electric furnace, and cooling the melt. Silica glass is highly 
transparent to both visible and ultraviolet light and so it is used in 
the manufacture of mercury vapour lamps* and optical instruments 
used in the ultraviolet region. Powdered quartz is used in the 
manufacture of silicon carbide (carborundum), silicon tetrafluoride, 
and sodium silicate, and to make silica bricks used for lining furnaces. 
Large crystals of quartz are used for lenses of optical instruments 
(quartz transmits ultraviolet light which is stopped by ordinary glass), 
and also for controlling the frequency of radio transmitters. 


Sandstone is used as a building material. 


Kieselguhr, a very porous and absorbent material, is used for 
filtering and absorbing various liquids, and in the manufacture of 
dynamite by absorption of nitroglycerine. 


Agate is used for knife-edges of laboratory balances, for making 
mortars for grinding hard materials, and in ornaments. 


Structure, Silicoa dioxide in the form of quartz exists in the 
form of a giant molecule. Each silicon atom in the giant molecule 
is in the centre of a tetrahedron 
with oxygen atonis at its corners, J l | 
and each oxygen atom linked to ii 
two atoms of silicon (Fig. 11-1). y 
Thus, each crystal diatur Gf arenas es ae aah 0--- 


tetrahedral SiO4 units bonded to- d VER y Feed Ge 

gether covalently by oxygen rey | l ! 

into a rigid three dimensional, > [ i 

giant silicon-oxygen network. To So ta d 
destroy a quartz crystal a large o A 3 [v] 
number of strong bonds between [55282559 | 

silicon and oxygen atoms must A 

be broken, and this accounts for Fig] 11-1. Structure of the silicon 
great hardness high melting dioxide crystal, 


point, and chemical inertness of quartz crystal. The overall ratio of 
silicon to oxygen atoms in the crystal is 1 : 2, but there are no actual 
molecules of SiO». The formula SiOz is merely the simplest formula 
for the compound; it does not represent a single molecule as does 
the formula CO2. 


In contrast to silica, its carbon analogue, viz., carbon dioxide 
consists of separate covalent molecules, O=C=O, in which each 
oxygen atom is attached to the central carbon atom by a double cova- 
lent bond. Solid carbon dioxide forms molecular crystals in which 
independent CO» molecules occupy the lattice points and are held 
together ^y very weak inter-molecular forces. This structure accounts 
eH vua softness, low melting point, and volatility of solid carbon 

ioxide. 


*The radiation from mercury vapour lamps is rich in the ultraviolet region 
of the spectrum. 
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10. Silicates 


Silicon dioxide is an acidic oxide—silicic anhydride, correspond- 
ing to orthosilicic acid, HaSiO4 (or, SiOs.2H2O). The acid cannot be 
formed by the hydration of silica due to the fact that the latter is 
very insoluble in water. However, this acid is produced in a colloi- 
dal form upon the addition of a strong mineral acid to a solution of 
an alkali metal silicate or when silicon tetrafluoride, SiF4, is passed 
into water. 


3SiF4 + 4H3O — 2HeSiFs + H4SiO4 4 


Orthosilicic acid condenses very readily, forming polymeric 
metasilicic acid (HgSiO3)z. In simplified form the formula of meta- 
silicic acid is written as HeSiOs. When silicic acid is formed in any 
reaction, its composition is usually represented by this formula. The 
salts of silicic acid are called silicates. They can be prepared by: 
fusing silica with metal carbonates or alkalis : 


A 

SiO? + NagCO3 —-» NasSiOs + COs 4 
A 

SiO? + CaCOs —- CaSi0s + CO» 1 


à 
SiO2 + 2KOH ——> K3SiOs + H20 | , etc. 


10-1. Sodium silicate, Na;SiO$*. Commercial sodium sili- 
cate is made by fusing silica with sodium hydroxide or sodium 
carbonate. The glassy product is soluble in water to give a syrupy 
liquid, called water glass. It is used in making soaps and washing 
formulations to provide an alkaline reaction. 


SiO3 + 2H20 — H5SiOs + 20H 


It is also used for (i) fireproofing and waterproofing fabrics and 
wooden articles, (ii) for the preparation of acidproof cement and 
concrete, (iii) for keroseneproof plasters on concrete, (iv) for sizing 
paper, (v) for preserving eggs (it seals their shells with a layer of 
impervious calcium silicate). 


10-2, Natural silicates. Silicates are very abundant in nature. 
They are all very insoluble because of the strength of the Si—O bond, 
which is only broken by such regents as HF (sodium silicate and 
potassium silicate, called water glass, are the only soluble silicates). 
The natural silicates include clays, micas, talc, asbestos, feldspars, 
and many other minerals. 


The natural silicates are all built up of [SiO4]4- tetrahedra in 
which four oxygen atoms are arranged tetrahedrally with the silicon 


This formula is a simplification. Actually, sodium silicate has a variable 
composition, expressed by the generic formula Na,0.nSi0,. 
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atom in the middle (Fig. 11-2). The SiO4, tetrahedra link together 
by sharing the oxygen atoms at the corners between two adjacent 
tetrahedra in a great 
variety of structures. 
The physical properties 
of natural silicates are 
largely determined by 
their crystal structures 
of which there are three 


types. S~ o 0 o 
LT 


(1) When the sili- 


con-oxygen crystal lattice s 
oer in three-dimen- 9 

sional framework the Fig. 11-2. Tw ; : 
resulting silicate is hard. iu tetrabedeal SiO, "E mare 


Feldspar, K(AlSigOs) or 
K20.AlsOz, 6SiOs, is such a silicate. 


(2) When the SiO4 tetrahedra are linked to form sheets, the 
sbeets can be separated with little force. An example of sheet type 
silicate structure is mica, HaK(AlaSisO12) or KaO.3AlaOz.6SiOs-2H30, 
which is split easily into thin sheets (Fig. 11-3). 


o o 
0 —Si—0 —Si—0—Si—0 
| | [ 
fo) 
o—si—o—si—o—si—o 
Ó (o) 
o—Si—O—si—o— si— 0 


o o 


; Fig. 11-3. Silicate sheet (example , mica) 

(3) In the third type of structure, called the chai 

tetrahedra are joined in chains that can be easily Pese roa 4 
another (Fig. 11-4). The best known example of this type of silicate 


o oO o (0) 
[bei od 
o= TOE ee 0s 
fe} o o 


n Rilicate chain (example, asbestos). 
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structure is the mineral asbestos, CaMgsSi4O1s or CaO.3MgO^4SiOs, 
which can be shredded into fibres with remarkable ease. _ 

In aluminosilicates, e.g., feldspar, zeolites, etc., a portion of the 
tetravalent silicon, Sit, is replaced by the trivalent aluminium, AlS*. 
The negative charge which results is neutralized by a distribution of 
positive ions such as Na*, K*, or Ca?* throughout the network. 


10.3, Zeolites. Zeolites, such as Ca(AloSi7Oig).6H20 . or 
CaO.AlgO3.7SiO2.6H,O, are the most important of the three-dimen- 
sional silicates. They have honeycomb—like structures which permits 
them to take up or lose water quite readily from the channels. Other 
molecules of appropriate size such as NHs, CO», etc. may also be 
absorbed instead of water. Thus, zeolites act as molecular sieves by 
absorbing molecules which can enter the channels, but not those which 
are too big to enter. Zeolites also act as natural cation exchangers. 
Thus, the calcium and magnesium in the water replace sodium in 
the zeolites; the process may be reversed and the zeolite restored by 
washing it with the solution of common salt. The term zeolite is now 
applied to artificial substances, such as the permutits, used in soften- 
ing hard water by the 'base-exchange' method. 

10-4, Permutit. The artificially made sodium aluminosilicates 
containing varying proportions of soda, alumina, and silica are called 
permutits. These are made by fusing together sodium carbonate, 
sand, charcoal, and china clay (AlgO3.2SiO2.2H3O) in suitable pro- 
portions. The composition of sodium permutit may be represented 
by the formula NagO.Al1203.4SiO$ 2H,0. 

Permutits possess the property of ‘base exchange’, i.e., of 
replacing the sodium ions by other cations, e.g, Ca?*, Mg'*, etc. 

' Hence, these are used for softening hard water. The base exchange 
reactions are reversible and attain a state of equilibrium. The base 
exchange reaction of sodium permutit (formulated as NaP) with Ca* 
ions present in hard water may be represented as— 

Ca?* + 2Na*P- — Ca?t Pa? + 2Na* f 
As the concentration of Ca?* ions increases in the permutit, its 
activity gradually falls and finally comes to an end when the permutit 
is said to be exhausted. Itis reactivated by treatment with sodium 
chloride solution when the reverse reaction occurs, regenerating 
sodium permutit. 

Ca?*Ps?- + 2Na* +> 2Na*P- + Ca?* 
11. Silica Gel 

Whena solution of a silicate is acidified, a white gelatinous 

precipitate of silicic acid is slowly formed. 

NasSiOs + 2HCI > 2NaCl + HeSiOs } 
If most of the water is carefully removed (by prolonged drying) from 
the jelly-like precipitate of silicic acid, a solid product results called 
silica gel. 

Silica gel is a white, slightly transluscent solid mass having 
numerous pores. It posseses excellent adsorption properties, presum- 
ably because of its open, porous structure and large surface area per 
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unit of mass. Heat drives offthe adsorbed vapour and reactivates 
hte gel so that it can be used again. 

Uses. On account of its immense adsorptive capacity, silica 

gel is used for the following purposes : | 

(i) For adsorbing various gases and vapours, and for recover- 

ing valuable vapours from industrial effluents 

(ii) For removing sulphur compounds, colouring matter, mois- 

ture, etc., from petroleum. 
: (iii) For drying the air blast employed in the metallurgy of 
iron. 
(iv) Asa catalyst in many reactions involving gaseous subs- 
tances, : 
(Y) As a base for finely divided platinum catalyst employed in 
the contact process for the manufacture of sulphuric acid. 
12. Silicon Hydrides 
. Preparation, When magnesium silicide, MggSi, is treated with 
dilute hydrochloric acid in the absence of air, monosilane (SiH4) 
mixed with disilane (SigHg), trisilane (SigHg), and hydrogen is 
evolved. 
i MgsSi + 4HCI > SiH4 4 + 2MgCl2 
Reactions, (1) Silanes arenot stable to heat, particularly 
those of higher molecular weights. 
(2) They inflame spontaneously in air producing silicon dioxide. 
SiH4 + 202 — SiOz + 2H30 
__ (3) They explode in contact with oxygen forming silicon tetra- 
halides, e.g., 
SiH4 + 4Cla > SiCI, + 4HCI 
(4) They react with alkalis forming silicates and hydrogen. 
SiH4 + 2NaOH + H20 — Na2SiOg + 4H» 
(5) They are strong reducing agents, reducing ferric, salts to 
ferrous salts and decolorizing potassium permanganate solution. 
8FeClp + 2H2O + SiH,4 — 8FeClo + 8HCI + SiOz 
13. Silicon Tetrafluoride, SiF, 

Preparation. Jt is made by heating silica (sand) with hydro- 
fluoric, acid, the ‘latter being usually produced in the reaction 
mixture using powdered calcium fluoride (fluorspar) and excess of 
concentrated sulphuric acid. 

CaFz + HeSOs > CaSO4 + 2HF 
SiO» + 4HF — SiF4 t + 2H20 
; Properties. (1) Silicon tetrafluoride is a colourless, pungent 
gas, b.p. —101°C. It fumes in moist air. 

(2) It is hydrolysed readily, even by cold water, giving hydrogen 

fluoride. This is why it corrodes glass when moist. 
SiF4 + 3H3O0 — H2SiO3 4 + 4HF 
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The hydrogen fluoride produced combines with unchanged silicon 
tetrafluoride to give fluorosilicic acid, HoSiFg, which remains in 
solution. 
SiF4 + 2HF > HeSiFg 

Uses. Fluorosilicic acid is used for the fluoridation of drinking 
water. Water containing a few parts of fluorides per million reduces 
dental decay. It is also used for making fluosilicates for use as 
insecticides, and as hardening agents in concrete, ceramics, and 
vitreous enamels. 


14. Silicon Tetrachloride, SiCl, 


Silicon tetrachloride is made by strongly heating a mixture of 
silica and carbon in a current of dry chlorine. 


SiO2 + 2C + 2Cls > SiCl4 + 2CO 


It is a colourless liquid, b.p. 59°C, which fumes in moist air 
owing to hydrolysis. 


SiClq + 3H20 - HsSiOs | + 4HCI 


It is used in the manufacture of silicones. 


15, Silicones 


Silicones are organic silicon polymers composed of chains of 
alternating silicon and oxygen atoms with alkyl groups attached to the 
silicon atoms, The structure may be linear, cross linked, or cyclic : 


E UAI 
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I. Linear type silicone 
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Il. Cross linked type silicone MI. Cyclic type silicone 


ne R stands for a methyl (CH3), ethyl (C2H5), or a phenyl group 
H5). 
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Preparation. Silicones are prepared by hydrolyzing alkyl 
substituted chlorosilanes* followed by progressive condensation of 
the resulting molecules through the elimination of water molecules. 
The monochlorosilanes, RaSiCl, give only a dimer; the dichlorosi- 
lanes, RoSiCls, yield linear and cyclic polymers; while the trichlorosi- 
lanes, RSiCla, with three active groups form cross-linked type 
(3 dimensional) silicones. For example, the hydrolysis of dimethyldi- 
chlorosilane, (CHs)sSiCle, results in the formation of an unstable 
dihydroxy compound, (CH3)eSi(OH)s, which immediately condenses. 
with itself by losing water molecules to finally form a silicone. 

(CHg)sSiClg + 2H90 ——> (CH3)eSi(OH)e + 2HCI 
dimethyl dichlorosilane unstable silanediol 


CHa CH3 CH3 CH 


CH3 CH3 CH3 CH3 
This is followed by further condensation : 
CH, CH, CH; CH; CH; CH; 
i RE t TE: li —H,0 N | Ll 
HO—Si—O—Si—O;}H + Lg ——-^ HO—Si—O—Si—O—Si—OH, 
CH; Hs CH, CH, CH, CH, 
yielding ultimately the silicone 
ME NO CH. 
HO—Si—O—} —Si—O— bi Ad 
| , 
CHa CH3 n CH3. 


By using a proper ratio of trimethylchlorosilane. (CH3)3SiCI, 
and dimethyldichlorosilane, (CHa)2SiCle, silicones are obtained 
which contain —CHsg groups in place of the terminal —OH groups 
inthe polymer shown above. These products are called dimerhyl 
silicone oils. 

CHa T rus CH3 CH3 

-H,0 | 
2CH3—Si—Cl 4-nCI—Si — CI—— CH3— Si—O - |—Si - O—|—Si—CHsa 
f; | Í 
CH3 CH3 CHs ( CHa _n CH3 
dimethyl silicone oil (n=1 to 7) 
Variation in the length of the chain gives silicone oils of varying 
viscosities. 

Silicone greases are made by adding carbon black, special 
soaps, or finely dispersed silicon dioxide to silicone oils. Silicone 

2 *These are produced by passing the alkyl chloride vapour over powdered 
silicon containing a little copper as catalyst at 330°C. The resulting mixture 
consists of monoalkyl trichlorosilane, RSiCl;, dialkyl dichlorosilane, R;SiCl;, 
and trialkyltrichlorosilane, R4SiCI, which are separated by fractional distillation. 


Cu, A 
RCI + Si——= RSiCl, + R;SiCl; + RsSiC! 
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resins are produced by blending silicones with organic resins, such as 
acrylic esters. Silicone rubbers consist of cross-linked type silicones 
with SiOz or ZnO as filler and a vulcanizer such as benzoyl peroxide. 


Properties. The lower silicones are oily liquids, but the higher 
members, containing long chain or ring structures are waxy and 
rubbery solids. Silicones are remarkably stable towards heat and 
chemical reagents, and they are not wetted by water. They are 
non-toxic and inert chemically. The silicone oils maintain relatively 
constant viscosity with variations in temperature and, therefore, do 
not thicken in cold weather. 


Uses. (1) Silicone oils are used as lubricants, hydraulic fluids, 
water repellents for textiles and brickwork, and in car, furniture, and 
floor polishes. 


(2) Silicone greases are extremely useful for low temperature 
lubrication. 


(3) Silicone resins are used as electric insulators and for coat- 
ing metals to prevent atmospheric corrosion and chemical attack. 

(4) Silicone rubbers retain their elasticity over a wide range of 
Bospecenure (from —80°C to 250°C) and have been put to a variety . 
of uses. 


(5) A spray coating of a silicone oil on cooking utensils, for 
example in bakeries, provides a non-stick surface. 


16. Glass 


16-1, Nature of glass. Glass is essentially a mixture of silica 
and various metallic silicates (and sometimes, borosilicates and 
aluminosilicates, too) which have not crystallized out on cooling 
from the fused state. Although the silicates of sodium and potassium 


. are solube in water, the glass containing these silicates with other 


Silicates, such as calcium silicate is insoluble in water. Ordinary glass 
(lime-soda glass) consists of solution of silica in a mixture of sodium 
and calcium silicates. In other varieties of glasses, potassium may be 
substituted for sodium, and lead, barium, zinc, and aluminium for 
all or part of the calcium, while part of the silica may be replaced 
by boric oxide. 

The physical properties of glass are greatly affected by its 
composition and the proportion of the various constituents. For 
example, a high proportion of sodium silicate gives a readily fusible 
glass, whereas the presence of potassium silicate raises the melting 
point considerably. Glass containing lead silicate has a high density 
and high refractive index. The presence of about 10 per cent boric 
oxide produces a glass which is much harder, more resistant to 
chemicals, and with a very low coefficient of thermal expansion. 

All glasses are amorphous, hard, brittle substances, which 
break with a conchoidal fracture, and are usually transparent. They 
do not have sharp melting points and begin to soften far below the 
temperature at which they would flow like a liquid. Molten glass 
can be blown, moulded, or rolled into sheets, On cooling, gradual 
hardening occurs, and finally a semi-rigid, brittle solid is formed. 
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Chemically, glass is rather an inert substance. It is neither 
affected by water, nor by acids except hydroflouric acid which 
dissolves it forming flourides and silicon tetrafluoride. Alkalis also 
attack glass and dissolve its silica forming silicon tetrafluoride. 


16-2. Manufacture of glass. Glasses are manufactured by 
fusing the raw materials in regenerative furnaces heated usually by 
producer gas. The raw materials for making ordinary lime-soda 
glass are : sodium carbonate or sodium sulphate, limestone or lime, 
and white sand (SiOs) These are mixed in proper proportion and 
ground with a certain amount of scrap glass (cullet). A charge 
consisting of this mixture is heated to 1400°C in a large tank lined 
with fire-brick in a gas fired regenerative furnace. The addition of 
cullet not merely serves for the utilization of an otherwise waste 
material, it facilitates the fusion of the charge. During fusion, the 
following reactions occur : 


NasCOs + SiO2 — NasSiOs + COst 
NaoSO4 + SiOg > Na»SiOs + SO; t 
CaCOs + SiOs > CaSiOs + CO»? 


After the evolution of carbon dioxide bubbles ceases, a clear 
viscous mass results ready for working into finished articles. 


16-3. Coloured glass. Coloured glass is made by including 
an appropriate substance in the charge. This additional substance is 
usually the oxide of some transition metal, e.g., copper, nickel, 
cobalt, etc., or an elementary substance, e g., sulphur, . gold, copper, 
etc. In the former case, the colour develops due to the presence of 
coloured metal ions; in the latter case, due to the formation of 
colloidal dispersions of the substance added. 


Table 11-2 Substances used in marking coloured glasses 
ETE eR A A 1o A MER Ri ae ee a a eee eee 
Substances giving coloured ions Substances giving colloidal dispersions 
pee el OR ea el) ee a a fon DN Te eae 
Substance Colour Substance Colour 
toga iwi NW. DM Neel eR ee E A LLL 
Cupric oxide, cobalt oxide. Blue Sulphur Amber 
Chromic Oxide Green Selenium Ruby red 
Cuprous Oxide Red Silver Yellow 
Manganese dioxide Violet Calcium fluoride Milky 


JA Coss illae ese uos dP bel es EEE E n PO RNARRR NE 
Traces of manganese dioxide are often added during the manu- 
facture of ordinary glass to neutralize the yellow or green colour 

imparted by the iron oxide impurity in the sand. 

16-4, Varieties of glass. Some important varicties of glass 
are : 

1. Soft glass or soda-lime glass. (Fusion mixture : silica, 
limestone, and Na2CO3). It is the ordinary glass and is easily fusible. 
Of all glasses, it is the least resistant to the solvent action of water. 
It is used for making window glass, bottles, and cheap glassware. 
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2. Hard glass or potash-lime glass. (Fusion mixture: silica, 
limestone, and K2CO3). It is harder, higher melting, and less solu- 
blethan soda-lime glass. It is used for making hard glass apparatus 
capable of withstanding high temperatures, 


3. Optical glass, flint glass, or lead-potassium glass. (Fusion 
mixture: silica, red lead, KoCOs). It is potash-lime glass in which 
calcium has been replaced by lead. It has a high density and high 
refractive index, but is less hard. It is used for inexpensive jewellery, 
‘cut glass’ decorative tableware, and optical instruments, such as 
lenses, prisms, etc. . 


4. Pyrex glass. It is a borosilicate glass contaning up to 12 per 
cent of boric oxide, with a high silica and low alkai and alumina 
Content. It is more resistant to mechanical shock and temperature 
change. It is used for making chemical apparatus and high quality 
tableware. 


5. Jena glass. it is also a borosilicate glass which differes from 
pyrex glass in having upto 11 per cent of zinc oxide in place of silica. 
It is used for making laboratory apparatus. 


LEAD, Pb 
17. Lead in Nature 


_ Lead is found in nature only in the combined state. Its 
principal ore is galena, PbS, a black, shiny mineral found in many 
parts of the world. Other minerals of lead are cerrusite, PbCOs, and 
anglesite, PbSO4, but these are seldom used in lead metallurgy. The 
principal lead producing countries are the United States, Spain, and 
Mexico. In our country, lead-zinc deposites have been located near 
Udaipur and Jaipur in Rajasthan. These are being exploited by the 
Metal Corporation of India. 


17-1, Extraction of lead, Lead is almost exclusively extracted 
from galena. This mineral invariably contains some silver and zinc as 
sulphides. The various step in the extraction of lead are : 


1, Concentration ef ore. The ore is crushed, finely ground, and 
then subjected to mechanical washing to separate gangue (gravity 
separation). Further concentration is achieved by a series of selective 
floatation processes using different wetting agents. 


: 2. Roasting. The concentrated ore is roasted in free supply of 
air. The sulphide ore provides its own fuel and continues to burn, 
changing into lead oxide 


2PbS + 302 > 2PbO + 28041 


During roasting, the powdered mass sinters inte coarse, porous lumps 
very suitable for charging into the blast furnace for smelting. 


60 
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3. Blast furnace smelting. The roasted sinter is mixed with 
coke (to serve both as fuel and reducing agent), scrap iron (reduc- 
charge 


ing agent), and limestone (flux) 
and charged into a blast furnace 
(Fig. 11-5). A blast of air is sent 
in through the air blast main for 
the combustion of coke. The 
lead oxide is reduced by carbon 
and carbon monoxide, and the 
unchanged lead sulphide by the 
iron, to lead metal. 


El exit for 
= 
waste gases 


sintered 
ore+lime 


+coke 


PbO + C—>Pb+COot 
PbO + CO — Pb + CO: t 
PbS + Fe — Pb + FeS 


air blast 


Lime, produced from limestone, 
removes silica as calcium silicate 
(fusible slag). Also being more 
basic than lead oxide, it pre- 
vents, the formation of Jead 


sllicate, PbSiOs. fusible slag molten lead 


CAO elas ene (lag) Fig. 11-5. Ae furnace smelting 
of lea 


This process of extraction of lead is known as the carbon 
reduction process. In the older self reduction process the lead oxide 
was reduced to free lead by heating it with more galena. 


PbS + 2PbO —> 3Pb + SO» 1 


4. Refining of lead. The crude lead contains two types of 
impurities : (i) base metals, such as copper, zinc, iron, arsenic, anti- 
mony, and bismuth which make it hard and brittle, and (ii) silver. 

' These are removed by the following processes : 


(a) Fire refining. The crude molten lead from the blast furnace 
is transferred to a "drossing kettle’ and agitated by means of com- 
pressed air. The metals (except copper) are converted to a scum of 
oxides on the surface which is skimmed with a perforated disc or 
spoon. Copper formis relatively infusible alloy which is separated 
from the molten lead. i 


(b) Electrolytic refining (Bett’s process). In this process, 
plates of impure lead are made the anodes and thin sheets of pure 
lead the cathodesin an electrolytic bath containing lead hexafluo- 
silicate, PbSiFe, and hexafluosilicic acid, HeSiFs, and gelatin or glue 
which improves the texture of the lead deposit, On electrolysis, 
only pure lead is deposited on the cathode; more electropositive 
impurities remain in solution while less electropositive impurities, 
such as silver, fall to the bottom of the cell as anode mud. 


PbSiFg > Pb* + SiFe?- 
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18. Physical Properties of Lead 


(i) Lead is a dull grey metal which melts at 327:5?C, When 
freshly cut it shines with a silvery metallic lustre but rapidly 
tarnishes in air. 


(ii) It is soft enough to be easily cut with a knife. It marks 
paper grey. 

(iii) It is very malleable and can be rolled into thin sheets and 
foils It is however, poor in tensile strength and ductilitv, and can- 
not be drawn into wire. 


(vi) It is the heaviest of the common metals except mercury 
and gold; being 11-4 times as heavy as water. 


(v) It is a poor conductor of heat and electricty. 


19. Chemical Properties of Lead 


l. Valency. Lead exhibits variable valency of +2 and +4. 
It forms two series of compounds ; the plumbous or lead (II) com- 
pounds in which the metal is divalent, and tlie plumbic or lead (IV) 
compounds in which the metal is tetravalent. In case a lead salt is 
not indicated as lead (II) or lead (IV) salt, it is taken to be a lead 
(II) or plumbous salt. For example, lead sulphide implies plum- 
bous sulphide, PbS. It also forms negative ions, plumbate (PbO,2-) 
and plumbite, (PbOs*-). 


2. Action of air. In the air lead is rapidly tarnished owing 
to the formation of a superficial white layer of the basic carbonate; 
this layer is compact and adherent, and protects the metal from 
further corrosion. On heattng in air, lead combines slowly with 
oxygen forming lead monoxide, PbO, asa scum. Continued heat- 
ing in air given red lead, PbgOq. \ 


3. Action of water. Pure air-free water does not attack lead. 
Water containing dissolved oxygen, however, dissolves lead very 
slowly, forming slightly soluble plumbous hydroxide, Pb(OH)s. 


2Pb + 2H20 + Os — 2Pb(OH)s. 


Since soluble lead salts are poisonous, the use of lead pipes for con- 
veying water is not safe. 


4. Combination with non-metals. Lead combines directly with 
sulphur to ,orm lead sulphide, PbS, and with chlorine to form 
lead chloride, PbClo, when heated. It combines directly with car- 
bon and also with nitrogen. 


5. Action of acids. Lead does not dissolve in dilute hydro- 
chloric acid, nor in dilute sulphuric acid as a coating of the initially 
formed corresponding insoluble salt (lead chloride and lead sulphate 
Tespectivcly) protects the metal from further action. It dissolves 
readily in nitric acid, dilute and concentrated, and in acetic acid in 
the presence of air forming lead nitrate and lead acetate respecti- 


A 
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vely. Since these salts are soluble, the action of the acid continues 
and rapid corrosion of lead occurs. 
(i) 3Pb + 8HNO; (dil.) > 3Pb(NOs3)2 + 4H3O + 2NO 1 
(ii) Pb + 4HNOs (conc.) > Pb(NO3)2 + 2H20 + 2NOs f 


(iii) 2Pb--4CHs.COOH + Ox(air) > 2Pb(CHa.COO)s + 2H20 
Jead acetate 

With hot concentrated sulphuric acid lead gives sulphur droxide; 

the reaction continues as lead sulphate is soluble in concentrated 


sulphuric acid. 
f Pb + 2H2S04 (hot. conc.) > PbSO4 + 2H20 +50: t 


Lead is attacked slowly by concentrated hydrochloric acid in the cold 
and rapidly when heated. 
Pb + 2HCI (conc.) > PbCls + Het 
5. Action of alkalis, Lead is not attacked by alkalis. 
20. Uses of Lead and Its Compounds 

The uses of lead depend mainly upon its flexibility, resistance 
to corrosion, and low melting point. Its chief uses are : 

(1) For roofing and plumbing, and for making the sheaths of 
electric cables in underground wire systems. 

(2) For making lead chambers, the housings of towers, the 
coils of coolers, etc. in sulphuric acid plants and evaporaters in 
chemical plants. : 

(3) For the lining of many types of reaction vessels. 

(4) For making the negative plates in storage batteries. 

(5) In making shots and bullets, for this purpose lead is hard- 
ened by alloying with 0°5 per cent arsenic. 

(6) As screening agent against radiation, since it is the 
cheapest among dense metals and a very good absorber of gamma 
radiations. Lead bricks are used to build screening walls around 
X-ray generaturs, small nuclear reactors, etc. Lead containers are 


used for storing and transporting radioactive isotopes. 

(7) For making lead compounds such as litharge and red lead 
which are used in. paints, varnishes, etc., the basic lead carbonate 
(white lead) which is used as a white pigment, lead tetraethyl 
which is used in aviation petrol, etc. 

(7) As a constituent of several important alloys, e.g., solders, 
type metal, fuse metals (which melt below 100°C), etc. 


Table 11-3. Some important alloys of lead 
Sea 
Name of alloy Composition Main uses 
——— 
yl. Type metal Pb 82%, Sb 15%, Sn 3% In making types for printing. 
2. Solder Pb 33%, Sn 677; Ta soldering. 


3. Fuse metals 
i, Rose metal Bi 50%, Pb 28%, Sn 2275 ]n making soft solder, safety 
il. Newton metal Bi 50%, Pb 31%, Sn 19% plugs for boilers and auto- 
iti, Wood's metal Bi 50%, Pb 25%, Sn 12:555. matic water sprinklers to put 
Cd 1255. out fire, electric fuses, etc. 
PEUT ees BR 
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21. Plumbosolvency 

Lead does not dissolve in pure air-free water, but it slowly 
dissolves in water containing dissolved oxygen forming plumbous 
hydroxide, which is slightly soluble in water. 

2Pb + 2H30 + Os — 2Pb(OH)2 
This solvent action of water on lead is called plumbosolvency. 

As all soluble lead compounds are toxic* the practice of using 
lead pipes for conveying drinking water is to be avoided. However, 
the presence of carbonates or sulphates in water prevents the solvent 
action of water on lead. This is due to the formation of a protec- 
tive film of the insoluble lead carbonate and lead sulphate on the 
surface of lead so that the further action.of water and the formation 
of Pb(OH)es is stopped. Hence, lead pipes may be used for the 
delivery of hard water (containing CO3? and SO4?-) without danger 
of lead poisoning. 

22, Oxides of Lead 

22.1, Lead monoxide, PbO. It is obtained as a yellow 
powder called massicot by gently heating lead in air around 300°C, 
or by heating the nitrate or carbonate of lead. It is made industrially 
by blowing air onto the surface of molten lead at 300°C when it is. 
formed as a dense orange mass, called /itharge. 

Lead oxide is insoluble in water but, being an amphoric oxide, 
dissolves both in acids and alkalis. 

PbO + 2HNOs —> Pb(NOs)2 + H20 
PbO + 2NaOH —> NasPbO; + H20 
sodium plumbite 

It is used in making glass, enamels, and lead compounds; in the 
paint and varnish industry (to catalyse atmospheric oxidation involved 
in hardening); and in glazing pottery. 

22.2. Red lead, trilead tetraoxide, Pb3O,. It is obtained 
as an orange-red powder by carefully heating lead monoxide in air 
between 400-500*C. Above this temperature it changes back to lead 
monoxide. 

6PbO + Os = 2Pb304 
d as a mixed oxide, PbOs.2PbO. This is borne out 
hen treated with nitric acid, it leaves behind PbO: 
ile the PbO constituent dissolves to give 


It is regarde 
by the fact that w. 
as an insoluble residue, wh 
lead nitrate, Pb(NOs)s, 
Pb3O4 (or, PbOs.2PbO) + 4HNO53 —> PbO: + Pb(NOg)2 + 2H20 
PbO, + 4HCI + 2PbCI; + PbO, + 2H,O 
PbO, + 4HCI + PCI, + 2H;O + Cl + 


Pears A ek aD verona cios E 
Pb304 + 8HCI — 3PbCIs + 4Hs0 + Cle 
Similarly, 2PbgO4 + 6HsS04 > 6PbSO4 + 6H20 + O2 
LC REE ee Sees 


*Lead compounds are eliminated from the body so slowly that small 
amounts taken ‘internally over long periods ultimately add up to poisonous 
concentrations, When this stage is reached, the victim suffers from colic fits and 


Paralysis, and may die. 
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It is used in making protective paint for iron structures (by 
mixing with linseed oil 1, particularly for objects exposed to the 
weather such as ships and agricultural machinery. and as an oxidizing 
agent in the match industry. 

22-3, Lead dioxide PbO». It is made from red lead by the 
action of nitric acid; lead dioxide is left behind as an insoluble 
chocolate brown powder. 

It is a powerful oxidizing agent. It gives up oxygen when heated 
alone above 306°C, or when heated with concentrated sulphuric acid. 


300* 
2PbO2 —— 2PbO + O: t 
2PbOs + 2H9S804 ——> 2PbSO, + 2H$O + O2t 
When it is heated with concentrated hydrochloric acid, the latter is 
oxidized to chlorine. 
PbO + 4HCI — PbCle + 2H20 + Cle t 
It also dissolves in concentrated alkalis forming plumbates. 
Thus, it is an amphoteric oxide. 
PbO, + 2NaOH —> NagPbOs + H:O 
sodium plumbate 


It is used as a constituent of the anode of the charged lead 
storage batteries and as an oxidizing agent in match-heads. 


23, Lead carbonate, PbCO, 


The normal lead carbonate, PbCOs, occurs in the mineral 
cerrusite. It may be prepared by the action of sodium hydrogen 
carbonate on the solution of a lead salt. 


Pb?* + 2HCOg" > PbCO3} + H20 + CO» 1 
More important commercially is basic lead carbonate, Pb(OH)s. 


2PbCOs, known as white lead. It is formed as a white precipitate 
when sodium carbonate is added to the solution of a lead salt. 


3Pb?*-L3NaxCOa--HsO + Pb(OH)s.2PbCOs-I-6Na*--COs t 


It is made on a large scale by the combined action of oxygen (of air), 
carbon dioxide, moisture, and acetic acid vapour on metallic lead. 


White lead is widely used as a white pigment. Paints made 
from it are easily applied and possess a high covering power. 


24. Chlorides of Lead 


24-1. Lead (II) Chloride or plumbous chloride, PbCls. This 
compound is commonly called simply lead chloride. It may be 
formed by the direct union of elements, or by dissolving lead mono- 
xide in hydrochloric acid, or by mixing solutions containing lead 
(II) ions, Pb?*, and chloride ions, CI, when it separates as a white 
precipitate. 
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It is very slightly soluble in cold water but dissolves considera- 
bly in hot water. It is also soluble in solutions of high chloride con- 
centration forming retrachloroplumbate (II) ions, PbClq2-. 

PbClə + 2CI- = PbCI4?- 

24-2. Plumbic or lead (IV) chloride, PbCl4. It may be prepared 
by passing chlorine through a suspension of PbCle in hydrochloric 
acid. 

PbClo + Cle > PbCI4 

It is a dense oily yellow liquid, solidifying at —15°C into a 
crystalline mass. Water decomposes it completely into lead dioxide 
and hydrochloric acid : PbCl4 + 2H20 + PbOz -+ 4HCI. It is 
decomposed on heating into plumbous chloride and chlorine, 


^ 
PbCle — PbCle + Cl2 4 
25. Some Other Lead Compounds 

25-1. Lead sulphate or Plumbous Sulphate, PbSO,. It is 
formed as a white precipitate when sulphuric acid or soluble sulphate 
is added to the solution of a lead salt : 

Pb?* -+ SO4?- — PbSO4 1 

It is almost insoluble in water and in dilute acids, but readily 
dissolves in concentrated alkali solutions to form plumbites, and in 
solutions containing an excess of acetate ions forming lead acetate. 
It also dissolves in concentrated sulphuric acid forming the acid salt 
Pb(HSO4)». 

25-2, Lead nitrate, plumbous nitrate, Pb(NO3)o, It may be 
formed by dissolving lead metal or lead monoxide in nitric acid. 

It is a milky-white crystalline compound, readily soluble in 
water. Unless the aqueous solution contains some nitric acid, hydro- 
lysis occurs and the basic nitrates formed. 

Pb(NOs)s + H20 = Pb(OH)NOs | + HNOs 

It decomposes on heating yielding lead monoxide, nitrogen 

dioxide, and oxygen : 


A 
2Pb(NOsg)s — 2PbO + 4NO» f + Oa 


25-3. Lead sulphide, plumbous sulphide, PbS, It is formed 
as a black precipitate when hydrogen sulphide is passed through a 
solution of a lead (IT) salt. 

Pb** + HS — PbS } + 2H* 

It occurs in nature in the mineral galena. 

25-4, Lead Chromate, PbCrO,. It is obtained as a yellow 
precipitate by mixing solutions containing Pb*?* ions and CrO4" ions 
Ye.g., lead acetate and potasium chromate solutions). 


Pb?* + CrO4?- > PbCrO4 | 


1 - 
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It is used as a yellow pigment under the name chrome yellow or 
lemon chrome. 

When lead chromate is boiled with an alkali solution, it is 
converted into the basic lead chramate, PbCrO4.Pb(OH)s, which is 
used as a red pigment under the name chrome red. By mixing the 
normal lead chromate and the basic lead chromate in varying pro- 
portions, pigments of different shades or orange colours are obtained 
which are used under the name chrome orange. 


Questions 
1. (a) What is the common feature of the electron configuration of the 
Group IVA elements ? 
(b) "at are the common valencies of the various elements of this 
group ? 


(c) Carbon has only two unpaired p electrons in its valance shell, yet it 
is usually tetravalent. How do you account for this ? 


(d) Carbon and silicon are commonly tetravalent while tin and lead of the 
same group are usually divalent in their stable compounds. Explain. 


(e) Of the various oxides of lead—PbO, Pb;O;,and PbO,, which is the 
most stable ? 


(f) Which of the oxides CO;, SiO;, $nO., and PbO, is the least acidic ? 

2. Justify the position of silicon in the third period on the basis of (1) Its 
perna configuration, (2) metallic/non-metallic character, and (3) nature of 
3. (a) Give two réactions for the preparation of silicon. 

(b) How does silicon react with hydrochloric acid and alkalis ? 

(c) Give two main uses of silicon. 

(d) How is silicon refined for use as a semiconductor ? 

4. (a) How would you prepare a simple of silica from sodium silicate ? 


(b) What happens when silica is heated with a concentrated alkali 
solution. 
(c) Give the names and uses of any three forms of natural silica. 


__ 5. Solid CO, isa soft volatile solid, while SiO, is a very hard solid having 
a high melling point. Explain why it is so. 


6. @ Write equations for the reactions that occur when silica is fused with 
sodium carbonate and calcium carbonate. 


(b) What is water glass? How is it made ? Give its important uses. 
Ab (c) Draw sketches for the three main types of structures of natural sili- 
es. 
(d) What are the zeolites ? What are their important characteristics ? 
7. Write short explanatory notes on any two of the following. 
(1) Silica gel (3) Glass 
(2) Silicones (4) Semiconductors 
8. (a) Describe the chemical nature of glass, How do the physical pro- 


«pubs of soda-lime glass, potasb-lime glass, and glass containing lead silicate 
ffer ? 

(b) What are the raw materials for the production of soda-lime glass ? How 
is this material prepared ? Give equations for rhe main reactions that occur. How 
can red colour be jmparted to the glass ? 
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9. (a) Give the names and formulae of three important minerals of lead. 
Which of these is commonly used for the extraction of the metal ? 


(b) How is lead extracted from its sulphide ore ? Give equations. 
(c) How is lead refined electrolytically;? 

(d) List six uses of lead (excluding alloys). 

10. Explain the reason why— 

(a) lead slowly dissolves in water containing dissolved oxygen, 


t (o lead does not dissolve in dilute hydrochloric acid or dilute sulphuric 
acid, ani 


(c) Pb,O, is regarded as a mixed oxide ? 

11. (a) Describe in brief the metheds of preparation, important reactions, 
and uses of any two of the various oxides of lead. 

(5) Give the chemical name and formula of white lead. 

(c) Give the chemical names and formulae of three other lead compounds 
which are used as pigments in paiats. 

Key 
1. (a) The presence of 25 and 2p electrons in the valence shell. 
(b) +4 for C and Si; +2 and +4 for Ge, Sn, and Pb. 


(c) In the excited state, C has four unpaired electron as the s electrons are 
unpaired and one of them is promoted to the p sublevel. 

(d) In tin and lead the two s electrons of the valence shell tend to remain 
nnpaired. 

(e) PbO. 

(f) PbO; . 
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Phosphorus 
(An element of group VA) 


Group VA of the periodic table is often referred to as the nitrogen 


family after its first member. The 
other elements of the group in the 
Element At No. 


order of increasing atomic number are 
phosphorus, arsenic, antimony, and 
bismuth. Each of these elements has 


five valency electrons—two in the s Nitrogen, N 7 
and three in tbe p sublevel. All of | Phosphorus, P 15 
the family members show a variety of Arsenic, As 33 
valencies, the most common being —3, xard 

Antimony, Sb 


+3, and +5. : 
Bismuth, Bi 
The elements in Group VA vary form 
typical non-metallic nitrogen and phosphorus to distinctly metallic 
bismuth, arsenic and antimony sharing the qualities of both non- 
metals and metals. The change from nonmetallic to metallic 
behaviour can be seen in their trioxides: N,O, and P,O, are 
strongly acidic, As,O; and Sb,O, are amphoteric, and B;O, is 
definitely basic. The binary compounds of these elements are, 
with few exceptions, covalent and becoming more polar going 
down the group; bismuth compounds show partial ionic character. 
The position of the Group VA as a whole in the periodic table has 
been discussed at length in chapter 12 of volume I of this book. 
Here weshall review only the position of phosphorus in the 
periodic table. 


1. Position of Phosphorus in the Periodic Table 


Phosphorus is the second element in Group VA, IVA VA IVA 
being preceded by nitrogen and followed by arsenic 
Its horizontal neighbours are silicon to the left and 
sulphur to the right (Fig. 12-1). This position of phos- 
phorus in the periodic table is fully justified on the 
following considerations : 

1, Electronic configuration. Phosphorus has 
five electrons (3s23p%) in its vaience shell like all the 
other elements of Group VA. This is also in agree- 


Fig. 12-1. Posi- 


: i hos- 
ment with the pattern of the valency electrons regular- PM. the 


ly increasing across a period; silicon has four valency periodic table. 
electrons (3523p2) and sulphur has six (3s23p4). 


(68) 
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2. Valency. The principle valencies of phosphorus are +3 
and +5 with electronegative eletaents, e.g., in the oxides, halides, 
etc., and —3 with hydrogen and strongly electropositive metals, e.g., 
in phosphine, PHg, and metal phosphides, such as calcium phosphide, 
CaP. In the group of elements Si—P—S, the maximum valency 
varies regularly as +4, +5, and +6 respectively. 


3. Type of bonding. Phosphorus, like nitrogen, does not form 
any positive ion, P3* or P5+, However, in combination with strongly 
electropositive metals, e.g., magnesium and calcium, it forms the 
negative P3- ion, corresponding to the N3- ion, by gaining three 
electrons, Like the other elements of Group VA, phosphorus tends 
to form covalent rather than ionic bonds, and can form both tricova- 
lent compounds and pentacovalent bonds. In the tricovalent com- 
pounds the phosphorus atom uses the three unpaired p electrons in 
forming covalent bonds with other atoms; the paired s electrons 
Temaining on the phosphorus atom as a lone pair. Pentacovalent 
compounds are formed when phosphorus atom has five unpaired 
electrons available for bonding in its excited state as shown below : 


Phosphorus atom executed state 


DPE OPEL] 


3 unpaired electrons; 
can form three 
covalent bonds. 


Phosphorus atom ground slate 


E 


five unpaired electrons; can form five covalent 
bonds : 


The energy released in combination with highly electronegative halo- 
gens is high enough to promote the 3s electron to the 3d level so 
that pentacovalent halides, such as PFs, PCls, and PBrs are formed. 
Pentahydrides, PHs, are not formed since hydrogen is not electro- 
negative enough to promote the s electron. 


Nitrogen has no vacant d orbitals in its valence shell (the 
second shell has only s and p orbitals); hence, cannot form pentaco- 
valent halides. 


4. Nonmetallic character. Phosphorus is a typical nonmetal. 
Justifying its position in the periodic table, it is less nonmetallic and 
electronegative than nitrogen and sulphur but more so than silicon 
and arsenic. This is reflected in the acidic character of the oxides of 
these elements and their oxy-acids. 
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5, Compounds. Phosphorus forms the oxides P203 and P205 
which are both acidic and combine with water to give the oxyacids 
HaPOs and HgPOx respectively. The acid HgPO, is weaker than the 
corresponding highest oxyacid of nitrogen, i.e, HNOs, but much 
stronger than that of arsenic HaAsO,. 


Like all other members of the nitrogen family, phosphorus also 
forms the hydride, PHa, which is a covalent, voltalile substance. The 
hydride PHsg fits in the general trend of the ease of formation, 
thermal stability, solubility in water, and the basic character decreas- 
ing progressively from NHs to BiHa. Thus, PH; is far weaker a base 
than NH3, and forms phosphonium salts only with strong acids such 
as HI and HCl under anhydrous conditions (PHa + HI — PHal); 
SbHg, AsHs, and BiHs are not at all basic. 


Phosphorus forms trihalides, PX3, and pentahalides, PXs, both. 
BC trihalides are rapidly and completely hydrolysed to give 
lg. 


PX3 + 3H20 — H3POs + 3HX 


Nitrogen is the only element of Group VA which does not form 
pentahalides owing to the non-availability of vacant d orbitals in the 
valence shell. 

_ Phosphorus differs from nitrogen, but resembles other members 
of its group in forming the sulphides PaSa and PeSs. The stability of 
these sulphides MgSg and MS; (M—P, As, Sb, Bi) progressively 
increases as we go down the group in conformity with the increasing 
electropositive character of the element. 


2. Phosphorus in Nature 


) Owing to its oxidizing ability, phosphorus does not occur free 
in nature. It occurs chieily as calcium phosphate, Cag(PO4)o, in the 
following minerals : 


1, Phosphorite or phosphate rock, Cag(POa)a. 

2. Fluorapatite, 3Cag(PO4)e.CaFo. 

3. Chlorapatite, 3Caa(PO4)2.CaClg. 

4. Hydroxyapatite, 3Ca3(PO4)s.Ca(OH)s. 

Phosphorus plays a vital role in animal and plant life. It is a 
component of protoplasm, nerve and brain tissue, bone marrow, etc. 
Hydroxyapatite, 3Cas(PO4)s.Ca(OH)s is the main mineral constituent 
of bones and teeth; the skeleton of an average man containing about 
2kg of Cas(PO4)s. Phosphorus compounds play an important part 
in essential energy transformations during photosynthesis and respira- 
tion in plants, and in various processes in animal metabolism. 


3. Preparation of Phosphorus 


Phosphorus is prepared by heating well-ground calcium phos- 
phate (phosphate rock), sand, and coke to about 1500°C in a closed 
electric furnace. To understand the reactions that takes place 


“PHOSPHORUS 7i 
calcium phosphate may be conceived as a compound of calcium 
- oxide and phosphorus pentoxide (3CaO.Pa305). The silica displaces 

the more volatile phosphorus pentoxide, and combining with calcium 
- oxide forms calcium silicate (CaO.SiO» or CaSiO3); phosphorus 
pentoxide, is reduced by the carbon to phosphorous, 


J 2[3Ca0.P205] + 6SiO02 + 6(CaO.SiOs) + P4019 f 
A calcium phosphate silica calcium silicated phosphorus 
» Cas(FO4). (CaSiOs) pentoxide 


ve P4010 + 10C — P4 4- 10CO f 
— — Adding up these two equations, 


2Cas(PO4)s + 6SiO2 + 10C > P4* + 6CaSiOs + 10CO 4 


The process is a continuous one. The charge of ground phos- 
phate rock, sand, and coke is continually led into the furnace via the 
hopper and worm screw feed. The carbon monoxide and the phos- 
phorus, a vapour at the operating temperature, pass through the 
exit into a condenser. The phosphorus is condensed under water as 
Solid white phosphorus. The calcium silicate produced forms a 
molten slag which is tapped from the furnace (Fig. 12-2). 


charge of. calclum. phosphate, 
sand,and coke 


phosphorus 
`, vapour 


= co 


Fig. 12-2. Manufacture of phosphotus from calcium phosphate in 
an cleciric furnace. 


*Phosphorus molecules have been shown to be tetra-atomic, both in the 
vapour form and in the molecular solid form; hence the formula P,. 
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3-1, Purification, The crude phosphorus is purified by melting 
under a solution of sodium dichromate in sulphuric acid, filtration 
through canvas, and redistillation in an inert atmosphere. The 
product is cast in the stick form or block form for packing under 
water in sealed tins. 


4. Formula of Phosphorus 


Phosphrous molecule consists 
of four atoms in the vapour form 
below 700°C*, in the solid state, 
and in solution in carbon disulphide. 
Thefour phosphorus atoms in the 
molecule are arranged at the corners 
of a tetrahedron, and linked to each 
other by single covalent bonds 
(Fig. 12-3). Hence, phosphorus is 
represented by the molecular 
formula P4. 


Frequently in equations, how- 
ever, phosphorus is Tepresented by x : 
its symbol P rather than by its mole- ira Sym Eg Dp b 
cular formula P4 for the sake of a phosphorus atom ; each stick a 


convenience. single covalent bond. 
5. Allotropy of Phosphorus 


Phosphorus may exist in several allotropic forms which are 
known according to their colours as white or yellow phosphorus, red 
phosphorus, and black phosphorus. Of these, however, only the 
first two forms are the best known, and of practical importance. 


5-1, White phosphorus. |t is produced when phosphorus 
vapour is condensed or when phosphorus is deposited from its 
solution in carbon disulphide. White phosphorus is metastable, and 
on Jong standing acquires a lemon yellow colour because of the 
partial conversion to the more stable red form. Hence, the name 
yellow phosphorus. 


., Properties. (1) White phosphorus is a transluscent waxy 
solid, soft enough to be cut with a knife. However, below 15°C, it 
is brittle. It has a garlic-like odour, 


2. Its specific gravity at 20°C is 1,8. 


3. White phosphorus melts at 44°C and begins to boil at 
280°C. However, its ignition temperature being only about 35°C, 
the melting must be done under water to Prevent its combustion by 
contact with oxygen in the air. White Phosphorus is always stored 
under water because of its yery low ignition temperature, 


*At higher temperatures, above 700°C. the tetratomi 
dissociate into diatomic mojecules. Ere 


P, & 2P; 
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4. White phosphorus is insoluble in water, but dissolves 
readily in carbon disulphide. It is also fairly soluble in chloroform, 
ether, benzene, and other organic solvents. 


5. White phosphorus is very corrosive. It should never be 
picked up with fingers since it causes very painful burns, slow in 
healing. It is also very poisonous if taken internally, about 0'1 g being 
sufficient to cause death. Continued breathing of small amounts of 
phosphorus vapour causes decay of the bones ofthe jaw and nose, 
a condition known as phossy jaw. 


5.2. Red Phosphorus. The change from white to red phos- 
phorus occurs extremely slowly at ordinary temperatures, but rapidly 
when heated, and is catalysed by the presence of a trace of iodine. 
Red phosphorus is made industrially by heating white phosphorus 
with a trace of iodine in the absence of air at about 250°C. The 
resulting red phosphorus is freed from traces of unchanged white 
phosphorus and any oxides of phosphorus by boiling it with sodium 
hydroxide solution. 


White phosphorus changes to red form by an exothermic 
reaction. 


White P — Red P + heat 


Thus, red phosphorus is at a lower internal energy level than white 
phosphorus. 


Whereas white phosphorus is metastable at all temperatures 
up to the melting point of red phosphorus, the latter is the stable 
form. This type of allotropy in which one form is always in the 
metastable state is called monotropy or monotropic allotropy. Two 
chief features of monotropy are : 


.. (a) There is no definite transition temperature at which the two 
solid allotropes are in equilibrium with each other. 


(b) The direct change from one allotrope to the other can only 
be made in one direction, from the metastable form to the stable 
one. 


Thus, while the change ‘white phosphorus — red phosphorus" 
occurs spontaneously at all temperatures up to the melting point of 
red phosphorus, the reverse change, ‘red phosphorus — while phos- 
phorus' can be brought about only by converting the red phosphorus 
into the vapour and then condensing the vapour. The phosphorus 
vapour, which represents the highest energy state condenses to 
give white phosphorus, the form having the next highest energy 
content, and not the red phosphorus which has the lowest energy 
content. 


Properties, (1) Red phosphorus is a dark red powder. It has 
no odour, Its specific gravity is 2°20. 


_ 2. When heated in the absence of air, it shows no signs of 
melting. Rather it sublimes at 400°C and upor cooling turns into 
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white phosphorus. However, it mav be melted under pressure at 
592°5°C. Its kindling temperature is 260°C, 


3, It is insoluble in water as also in carbon disulphide and all 
other solvents in which white phosphorus dissolves. 


4. It is non-poisonous. 


5.3, Violet phosphorus. This allotrope 'of phosphorus is 
formed by heating a solution of red phosphorus in molten lead to 
500°C for some ten hours in the absence of air. The lead is subse- 
quently dissolved away with acids when the violet phosphorus is 
obtained as violet crystals. This allotrope is also insoluble in carbon 
disulphide. Its ignition temperature is 260°C. 


5-4, Black phosphorns, It is formed by heating white phos- 
phorus to 350°C under a pressure of thousands of atmospheres. In 
appearance it greatly resembles graphite and is greasy to the touch. 
It is much heavier than the other forms of phosphorus (specific 
gravity=2°70) and unlike them, conducts electricity well. Its ignition 
temperature is 490°C. 


6. Comparison of White and Red Phosphorus 


The molecules in white phosphorus consist of units of four 
atoms linked by single covalent bonds in a tetrahedral arrangement 
(Fig. 12-4). The molecules in red phosphorus consist of several P4 
tetrahedra joined together (Fig. 12-5). On account of such polyme- 
rized structure, red phosphorus is much denser that white phos- 
phorus, is insoluble in carbon disulphide in which white phosphorus 
readily dissolves, and is chemically much less reactive than white 
phosphorus. 


P 
P. [A P 
pzreediencsp De AN Tay Ke 
pm er Um t Me 


Fig. 12-4. P, molecule ` Fig. 12-5. Polymerized structure of red phosphorus 
in white phosphorus. consisting of several P, tetrahedra joined together. 


7. Reactions of Phosphorus 


The two principal forms of phosphorus, viz., white phosphorus 
and red phosphorus undergo the same chemical reactions on the 
whole; there is difference only in the rate of reaction. In general, 
the reactions of red phosphorus are less vigorous. 


1. Phosphorescence. In the air white phosphorus undergoes 
slow oxidation below its ignition temperature, emitting a greenish 
glow which is visible in the dark. This effect, called phosphorescence, 
is not shown by red phosphorous and can be used to detect the 
presence of traces of white phosphorus. Phosphorescence is undoub- 
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tedly some form of oxidation reaction in which phosphorus is 
converted into one or other of*its oxides. 

2. Reaction with oxygen. Phosphorus burns vigorously in 
oxygen or air giving off thick, white fumes of phosphorus pentoxide. 

Py + 503 — P4010* ; 

3. Combination with active non-metals (halogens and 
sulphur), While phosphorus ignites spontaneously in chlorine and 
reacts vigorously with bromine, iodine, and sulphur. 

Pa + 6Clg — 4PClg (phosphorus trichloride) 
Pa + 10Clg — 4PCI; (phosphorus pentachloride) 
Pa + 3S — P48g (phosphorus trisulphide) 
All these reactions are exothermic. In the sulphur reaction, various 
sulphides, e.g. P4Sg, P4819; P4S14, etc. may result, depending on the 
quantities used. j 

4. Combination with active metals; With the more active 
metals at higher temperatures, phosphorus directly combines to form 
phosphides, in which phosphorus displays the —3 valence. Some 
important metal phosphides are sodium phosphide, NagP, calcium 
phosphide, CasP», and aluminium phosphide, AIP. 

Pa + 12Na > 4NasP 
Pa + 6Ca -> 2CasP2 
P4 + 4Al — 4AIP 

5. Reducing reactions, Phosphorus possesses powerful re- 
ducing properties. In its reducing reactions, it is oxidized to 
phosphoric acid, H3PO4. 

P4 + 16H30 — 4H3PO4 + 20H* + 20e7 
(a) It reduce solutions of copper salts to metallic copper ; the 
liberated copper coats the phosphorus (Cu?* + 2e7 + Cu). 
P, + 16H,O + 4H,PO, + 20H* + 20e7 
Cutt -4 2e- -> Cu} x 10 
P4 + 10Cu2* + 16H30 — 4H3PO4 + 10Cu $ + 20H* 
Or, in the molecular form, 
P4 + 10CuSO, + 16H30 — 4H3PO4 + 10Cu | + 10HsSO4 
(b) It reduces hot nitric acid to nitrogen dioxide. 
2HNO, + 2H* + 2e- + 2H,0 + 2N0;]x 10 
P, + 16H,O — 4H,PO, + 20H* + 20e- 
P4 + 20HNO; -- 4H3PO, + 4H2O + 20NOa t 

6. Reaction with alkali solutions, White phosphorus reacts 
with hot solutions of caustic alkalis forming phosphine and hypo- 
phosphites, For example, 

Pa + 3NaOH + 3HsO0 —-- 3NaHsPO. + PH3t 
sodium hypophosphite phosphine 

Red phosphorus does not react with alkali solutions. 

*This compound is usually named ciphosphorus pentoxide or, more 


simply, phosphrous pentoxide after its simplest ratio, P.O, However, the mole- 
cules actually have the composition Pa-19. 
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8. Uses of Phosphorus 


(1) In making phosphorus compounds. Most phosphorus is used 
to prepare phosphorus compounds such as phosphoric acid, phos- 
phates, hypophosphites (used in tonic medicines), phosphorus 
chlorides, metal phosphides (used as rat poison), etc. 


(2) In match industry. Much phosphorus is consumed by the 
match industry. The safety-match head contains antimony sulphide, 
oxidizing agents such as potassium chlorate or red lead (Pb3O4), and 
sometimes sulphur. The striking surface contains a mixture of red 
phosphorus and powdered glass (for friction). Friction between 
this surface and the match head heats the phosphorus, which burns 
and ignites the match. 


(3) As constituent of phosphor bronze, an alloy of phosphorus, 
copper, and tin, so resistant to corrosion that it is used in ships’ 
propellers and fittings. 


(4) In petrol and benzene incendiary bombs (which cause fire) . 


as an igniting agent, and in smoke bombs, tracer bullets, etc. 


(5) In the laboratory. Red phosphorus is used in the preparation 
of hydrobromic and hydriodic acids in the laboratory. 


9, Phosphine, PH; 


Preparation, Phosphine is prepared by the following methods : 


(1) By boiling white phosphorus with sodium hydroxide solution 
in a flask from which the air has been displaced by coal gas*. A 


*This is necessary in view of the fact that the phosphine produced is impure 
containing hydrogen and diphosphine, P,H,, which is spontaneously inflammable 
in air. The gaseous product may be freed from dipospbine by passing through a 
U-tube immersed in freezing mixture where diposphine condenses to a liquid, and 
then collected over water. Unless the diphosphine is removed, the bubbles of the 
gas burst into flame as they reach the surface of the water in the trough producing 
rings of white smoke (Fig. 12-6). The smoke consists of phosphoric acid, HPO, 
(PH, + 20, > H,PO,). 


ew Ccal-gas |l 
PA T ! 


Fig. 12-6. Preparation and burning of phosphine. 
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solution of sodium hypophosphite is fermed and phosphine gas 
liberated. ; 
Pa + 3NaOH + 3H2O —> 3NaHgPO, + PHa 1 

Pure phosphine may be obtained by using alcoholic caustic 
potash instead of sodium hydroxide solution. 

(2) By ihe action of water or dilute acid on calcium phosphide. 

í CagP2 + 6H20 — 3Ca(OH) + 2PH: f 
The.product is usually impure containing hydrogen and diphos- 
phine. 

(3) By the action of caustic soda or caustic potash solution (30 
per cent) on phosphonium iodide, PHI. 

PHal + NaOH — Nal + H20 + PHs 4 
Pure phosphine is formed in this reaction. Phosphonium iodide 1s made by 
dissolving phosphorus and iodine in carbon disulphide, evaporating the solution 
to dryness in a retort from which the air has been displaced by carbon dioxide, 
and hydrolysing the residue by adding the calculated quantity of water as 
indicated by the equation— 

5I + 9P + 16H,O > 5PH,I + 4H;PO, 
The phosphonium iodide is then separated by sublimation in an atmosphere of 
carbon dioxide. 
: (4) By heating phosphorous acid. Pure phosphine is obtained 
in this reaction. 


A 
4H3PO3 —-- 3H3PO, + PH3t 
phosphorous acid ^ phosphoric acid phosphine 

Properties, Phosphine is a colourless gas which smells like 
rotting fish. It is highly poisonous. It is twice as heavy as ammonia 
and only slightly heavier than air (V.D., PH; = 17, NH3 = 8'5, 
air = 144). It may by liquefied at high pressures and low tempera- 
tures to a colourldss liquid, which boils at —87'4°C and freezes 
at —132°C. Phosphine is only slightly soluble in water (contrast with 
ammonia which is extremely soluble), and the dissolved pHosphine 
decomposes on standing depositing red phosphorus. 


Reactions, (1) Neutral character. Unlike ammonia, an aqueous 
solution of phosphine is neutral toward litmus. 


2. Decomposition. phosphine is decomposed into red phos- 
Phorus and hydrogen when heated out of contact with air to 440°C 
or when electric sparks are passed through it. 

4PH3 -> P, + 6H» 

3. Burning. Phosphine burns vigorously in air to form 
phosphorus pentoxide, but is not spontaneously inflammable when 
pure. : 

2PH3 + 402 > P505 + 3H20 

4. Reaction with chlorine. Phosphine ignites spontaneously in 

chlorine forming phosphorus pentachloride. ; 
PHs + 4Cl; > PCls + 3HCI 
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5. Basic nature, Though neutral towards litmus, phosphine is 
feebly basic in nature. Thus, like ammonia, it neutralizes hydrogen 
halides forming corresponding phosphonium halides. For example, 

PHa + HCl — PHACI (phosphonium chloride) 

PHa + HI > PHal  (phosphonium iodide) 
However, phosphine does not combine with water to form phos- 
phonium hydroxide analogous to ammonium hydroxide. Also, the 
phosphonium halides do not give phosphonium ion, PHg", in aqueous 
solutions corresponding to the ammonium ion, NH4*, but decompose 
liberating phosphine. h 

PH4CI > PHa4 + HCI (in aqueous solutions) 

NH4Cl > NH4* + CI^ (in aqueous solutions) 

5. Reducing action. Phosphine is a powerful reducing agent 
and will precipitate copper as copper phosphide, and silver and 
gold as the free metals, when passed through solutions of their salts. 

3Cu** + 2PH3 > CugP2} + 6H* 
6Agt + 3H20 + PH3 > 6Ag 4 + 6H* + HgPOs 

Uses. The spontancous inflammability of impure phosphine in 
air is put to the following uses : 

(1) In. Holme's signals to the ships. A mixture of calcium 
carbide and calcium plosphide is packed in a container and large 
holes are pierced in it. It is dipped in the sea near a rock. Phosphine 
liberated by the action of water on calcium phosphide inflammes in 
air and ignites the acetylene produced by the action of water on the 
carbide. The light of the burning gases indicates the position of the 
rock to the approaching ships. 

(2) In making smoke screens in warfare. Calcium phosphide 
is made to react with water. The librated phosphine catches fire in 
air producing heavy smoke. 

10, Phosphorus Trichloride, PCl; 

Preparation, Phosphorus trichloride is prepared by passing a 

current of dry chlorine over White phosphorus, gently warmed to 


chlorine 


molten CaCl, — tube 
phosohorus (to absorb moisture) 


Tex 


~ um "ater bath 


phosphorus 
trichloride 


freezing 
mixture. —~ 


Fig. 12-7. Preparation of phosphorus trichloride. 
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initiate the reaction, in the complete absence of moisture (Fig. 12-7). 
2P + 3Cl» > 2PCls 

The product is purified from any pentachloride formed by distilling 

it over with white phosphorus. 

Properties, Phosphorus trichloride is a colourless, pungent 
smelling liquid, b.p. 76*C, specific gravity 1.6. 

Reactions, (1) Hydrolysis. It is instantly and irreversibly* 
hydrolysed by cold water forming phosphorus acid, HaPOs. 

PCla + 3H30 > HPO + 3HCI 
It fumes in moist air due to the formation of hydrogen chloride by 
hydrolysis. 

(2) Replacement of —OH by —CI in organic compounds. It 
reacts with organic compounds containing hydroxyl group (—OH), 
e.g., alcohols, carboxylic acids, etc., and replaces the hydroxyl group 
by a chlorine atom. 

3[—OH] + PClz —-- 3[—CI] + H3PO3 
3CgHsOH + PClg ——> 3C2HsCl + HPO; 


ethyl alcohol ethyl chloride phosphorus acid 
3CH3.COOH + PCl; ——> 3CHs.COCI + Ha3POs 
acetic acid acetyl chloride phosphorus acid 


(3) Combination with chlorine. Phosphorus trichloride combines 
wiih chlorine to form phosphoruss pentachloride. 

PCl + Clo > PCls (phosphorus pentachloride) 

Uses, Phosphorus trichloride is used in the preparation of the 
chloro derivatives of organic hydroxy compounds. 

11, Phosphorus Pentachloride, PCl; 

Preparation, Phosphorus pentachloride is formed whew 
phosphorus burns in excess of 
chlorine (2P + 5Cla > 2PCI;). 
Itis conveniently prepared by 
the action of dry chlorine on 
phosphorus trichloride. 


PCI; + Cle > PCs dry chlorine 


Phosphorus trichloride is ad- 
mitted dropwise from the 
funnel into the bottle through 
which passes a current of dry | k 
chlorine. The bottle is kept F Ga Mixture 
cool by placing it in freezing Y 
mixture (Fig. 12-8). After all 
the trichloride has been used 
up, the excess of chlorine is 
swept out by a current of 
carbon dioxide, and the bottle Fig, 12.8. Preparation of phosphorus 
corked airtight. pentachloride. 

* a reversible process and may be reversed by add 
the acid, saat pin The hydrolysis of bortis trichloride rura i 
be reversed in this manncr. 


CaC!,-tube 
phosphorus 
trichloride 


- to fume 
cupboard 


Phosphorus 
pentachloride 
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Physical properties. Phosphorus pentachloride is a pale 
greenish-yellow, hygroscopic solid with a pungent odour. When 
heated, it sublimes at about 1609C. If heated under pressure, how- 
ever, it melts at 148°C. . 

Reactions, (1) Dissociation. When heated strongly, phospho- 
rus pentachloride dissociates into phosphorus trichloride and chlorine, 
the percentage dissociation increasing with temperature, and is 
complete 300*C. 

PCI; = PCl + Cle 
In accordance with the law of mass action, the dissociation will be 
suppressed in an atmosphere of chlorine gas. 

(2) Hydrolysis. Phosphorus pentachloride reacts violently with 


water. With a limited amount of cold water, it is only partially 
hydrolysed yielding phosphorus oxychloride, POCis, and hydrogen 


chloride. 
PCls + H20 > POCIS + 2HCI 
With excess of water, it is completely hydrolysed with the formation 
of orthophosphoric acid, HgPOa, and hydrochloric acid. 
PCl; + 4H20 — HPO, + 5HCI 
Phosphorus pentachloride fumes in moist air due to the for- 
mation of hydrogen chloride by hydrolysis. 
(3) Replacement of —OH by —Cl in hydroxy compounds. 


Phosphorus pentachloride replaces the hydroxy! group by chlorine 
atom in many organic and inorganic compounds. For example, 


C2HsOH + PCls —> CoHsCl + POCIs + HC! 


ethy! alcohol ethyl chloride 
CH3.COOH + PCl; —> CH3.COCI + POCls + HCl 
acetic acid ncelyl chloride 
SOs(OH)s + 2PClg — > SOoCle + 2POCIs + 2HCI 
sulphuric acid sulphury! chloride 


(4) Reaction with sulphur dioxide. Phosphorus pentachloride 
replaces one of the oxygen atoms in sulphur dioxide by two chlorine 
atoms forming thionyl chloride and phosphorus oxychloride. 
SO» + PCls —— SOClo + POCIs 
thionyl chloride 

Use. Phosphorus pentachloride is used in organic syntheses for 
the replacement of hydroxy! groups by chlorine atoms. 
12. Diphosphorus Trioxide, Phosphorus Trioxide, 

P,O; 

Although the name corresponds to the empirical formula P203, 
the actual composition of the molecule is P4Oe. It is commonly called 
phosphorus trioxide and formulated as P203 for convenience. 
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Preparation, It is prepared by burning phosphorus in a limited 
supply of air. 


P4 + 302 > P406 


The product is freed from phosphorus pentoxide by drawing 
it through a tube containing a plug of glass wool around which 
water at 60°C is circulated. Phosphorus pentoxide, solid at 60°C, is 
held back by the plug of glass wool. The trioxide passes on and 
is condensed to a white solid in an ice-cooled vessel. (Fig. 12-9). 


weter at 60°C plug of glass wool 
t 


dry air to aspirator 


— 


freezing 
mixture * 


sticks of* 
phosphorus 


condensed pri 
b 
19, 


Fig. 12-9. Preparation of phosphorus trioxide. 
i ioxide i i stalline solid 
Properties, Phosphorus trioxide is a white crystal i 
melting at 24C and boiling at 173°C. It has a garlic-like smell. Its 
vapour is very poisonous. 
Reactions, (1) Oxidation. On exposure to the air at ordinary 


tars Lied m ide. 
t hosphorus trioxide is slowly oxidized to the pentoxi 
When MEE Sait above 60°C, it ignites forming phosphorus 


pentoxide. 
PaO + 202 > P4010 
i i i ture 
2) With chlorine. It inflames in chlorine at room tempera 
a A oxychloride, POCls, as the main product. 
(3) As an acid anhydride. Phosphorus trioxide dissolves slowly 
in cold water to form phosphorus acid, HaPOs. ! 
P406 + 6H20 > 4H3PO3 (cold water) 
With hot water, however, phosphine and phosphoric acid, HgPO,, 
are formed due to the decomposition of phosphorus acid. 
P,O, + 6H;O + 4H;PO, 


4H,PO, > 3HsPO, + PH; 
Pi05 + 6H20 > 3HsPO4 + PHs (hot water) 
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Molecular Structure, The molecular a E 
structure of phosphorus trioxide is based on [6] o 
an arrangement of four P atoms at the corners | 
of a tetrahedron (as in the phosphorus mole- P | 
cule). The six oxygen atoms lie along the p Sy P 
edges, each in a non-linear P—O—P arrange- 9’ —P o^, 
ment curved outward. The structure is shown ol 
in Fig. 12-9. 


Fig. 12-9. Molecular 
structure of P4O,. 


13. Diphosphorus Pentoxide, Phosphorus Pento- 
xide, P4O0:0o 


The name corresponds to the empirical formula P205. Th? 
actual composition of the molecule is, however, P4010. It is 
commonly called phosphorus pentoxide and formulated as P2Os- 


Preparation, Phosphorus pentoxide is prepared by burning. 
phosphorus in excess of dry air or oxygen. 


P4 + 50$ — P4010 


Pieces of white phosphorus are placed in a crucible resting on 
atile. The phosphorus is ignited by touching it with a hot wire 
and immediately covered with a bell jar. The bell jar is slightly 
lifted from time to time to admit fresh air. White clouds of phos- 
phorus pentoxide are formed which gradually settle down as 4 
snowy white, soft powder. 

Physical properties. [t isa white snow-like solid which is 
odourless when pure. It sublimes on heating, very slowly at 50°C 
but more rapidly at high temperatures. It is extremely hygroscopic, 
in the air turns rapidly into a sticky mass of metaphosphoric 
acid. 

Reactions, (1) 4s an acid anhydride. Phosphorus pentoxide 
reacts with cold water vigorously, producing a_hissing sound and. 
much heat, and forming metaphosphoric acid, HPOs. 


P4010 + 2H30 > 4HPOs 


With hot water, orthophosphoric acid, H3PO4, is formed, 
P4030 + 6H2O — 4H3PO4 


(4) As a dehydrating agent. Because of its great affinity for 
water, phosphorus pentoxide acts as a strong dehydrating agent. 
It removes the elements of water from a number of inorganic and 
organic cor pounds. For example, it debydrates sulphuric acid into 
sulphur trioxide (sulphuric anhydride), nitric acid into dinitrogen 
pentoxide (nitric anhydride), acetic acid into acetic anhydride, anc 
acetamide into methyl cyanide. 


i. HaS04—H30 — SOs 
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ii. 2HNO3—H20 > N205 
iii. CH3.COO| H|—H20 > CONE 
CHs.CO|OH CHs.CO^ 
acetic acid acetic anhydride 
(2 molecules) 
iv, CHs.CONH2—H30 — CHa.CN. 
acetamide methyl cyanide 


(In each case the phosphorus pentoxide combines with the water 
removed to form metaphosphoric acid P205 + H20 — 2HPOs). 


Uses. Phosphorus pentoxide is used (1) as a drying agent for 
all gases, except those which are basic, 
such as ammonia and (2) as a dehy- 
drating agent in chemical reaction. if 


molecular structure of phosphorus 
pentoxide corresponds to that of 
phosphorus trioxide, the four j 
additional oxygen arama being linked E 
by double bonds to the phosphorus 

atoms as shown in Fig. 2-10. Each d 21 
phosphorus atom thus shows its o o 
higher valency of five. 


Molecular Structure, The T 
Ọ 
| i NS 


Fig. 12-10. Molecular structure 
of P,O,,. 


14. Oxy-Acids of Phosphorus 

Phosphorus forms two series of oxyacids : the phosphorous and 
the phosphoric series. The important phosphorous acids are : 

1. Hypophosphorous acid, HgPOg, and 

2. Phosphorous acid, Ha3POs(P406.6Ha0). 

Phosphorus is in +1 valence state in hypophosphorous acid 
and in +3 valence state in phosphorous acid. Both of these acids 
disproportionate, i.e., undergo simultaneous oxidation and reduction, 
to give phospheric acid (HaPO4) and phosphine (PH) respectively 
upon heating, and are strong reducing agents. 

.. The phosphoric acids are all derived from phosphorus pento- 
xide, and represent different degrees of hydration depending upon 
the temperature. The three well-defined phosphoric acids are : 

1. Orthophosphoric acid, HsPO4[P4010 + 6H2O > 4H3PO4] 

2. Pyrophosphoric acid, H2P407 [P4010 + 4H20 — 2H4P20;) 

3. Metaphosphoric acid, HPOs [P4010 + 2H20 > 4HPOs] 

.. All of these acids have phosphorus in +5 valence state, the 
highest for the element. Hence, these acids are not reducing agents. 
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In considering the structures of the oxyacids of phosphorus, an 
important point to note is that only the hydrogen atoms linked to 
phosphorus through an oxygen atom ionise as H* ions; hydrogen 


atoms directly liked to phosphorus do not ionize. 
15. Hypophosphorous Acid, H,PO, 
Preparation. Salts of this acid, hypophosphites, are formed 
in solution when white phosphorus is boiled with alkalis, e.g., 
Pa + 3NaOH + 3H20 > 3NaHgPO, + PHs 1 
In the laboratory, hypophosphorus acid is prepared by boiling 


white phosphorus with barium hydroxide solution and decomosing 
the resulting barium hypophosphite by adding dilute sulphuric acid. 


2P4 + 3Ba(OH)s + 6H30 —> 3Ba(HoPOg)s + 2PHs t 
barium hypophosphite 


Ba(HgPO2)2 + H2504 > BaSO, | + 2H3PO2 


The precipitated barium sulphate is filtered off and the filtrate evapo- 
rated to crystallize the hypophosphrous acid. 


Properties and reactions, (1) Hypophosphorous acid is a 
colourless, crystalline solid, m.p. 26°5°C. 


(2) As an acid. It is a weak monobasic acid, dissociating as 
HPO? = HPO: + H*. 


This suggests that of the three hydrogen atom, two are 
directly linked to the phosphorus atom while one is linked to the 
phosphorus atom through an oxygen aiom. 


It forms only one series of salts, the hypophosphites. 
(3) Action of heat. On heating, the acid decomposes into phos- 
phoric acid and phosphine (disproportionation). 
A 
2HsPOs ——> HsPO, + PHa f 


(4) Reduction. When treated with zinc and hydrochloric acid 
(nascent hydrogen), the acid is reduced to phosphine. 


HaPOs + 4H — 2H30 + PH t 
(5) Reducing action. Hypophosphorous acid 'and its salts are 


powerful reducing agents, and precipitate many metals from the 


solutions of their salts. For example, 
HPO: + 2H20 + 4Agt — HaPO4 + 4H* + 4Ag) 


Uses. Salts of hypophosphorus acid, the hypophosphites, are 
used in tonic medicines. 


Structure. 
B. 978 
u^ No 


AT. aa 


PHOSPHORUS 85 


16. Phosphorous Acid, H:PO; 


Preparation, (1) By dissolving phosphorus trioxide in cold 
water. 


POs + 6H20 — 4Ha3POs 
(2) By the action of water-on phosphorous trichloride. 
PCis + 3H2O + H3POa + 3HCI 


In practice, chlorine is passed into phosphorus melted under 
water when the phosphorus trichloride formed instantaneously 
hydrolyses to give phosphorous acid. When all the phosphorus has 
been used up, the solution is evaporated until the temperature 
Serr de 180°C, On cooling, the acid is obtained as a crystalline 
solid, 


Proporties and reactions, (1) Phosphorous acid is a white, 
crystalline, deliquescent solid, m.p. 70°5°C. It has garlic-like odour 
and is very soluble in water. 


(2) As an acid, It isa dibasic acid, and forms two series of 
salts such as sodium dihydrogen phosphite, NaHgPO, and disodium 
hydrogen phosphite, NagHPOs. 


HsPO3 @ HPOs + H+ 
H3POs^ @ HPOs* + Ht 


The third hydrogen atom is nonionizing. This shows, that of the 
three hydrogen atoms in its molecule, two are linked to the phospho- 
rus atom through the oxygen atoms and the third one is linked 
directly to the phosphorus atom. 


(3) Action of heat. When heated, phosphorous acid undergoes 
a self oxidation-reduction reaction (disproportionation) to form 
orthophosphoric acid and phosphine. 


A 
4HsgPOs —-> 3HgPO4 + PHa t 


(4) Reduction. When treated with zinc and hydrochloric acid 
(nascent hydrogen), it is reduced to phosphine. 


HaPOs + 6[H] > 3H20 + PH3 f 


(5) Reducing action. Phosphorous acid is slowly oxidized in 
air to phosphoric acid. It is. therefore, a powerful reducing agent 
(HaPOg--Ha4O —> HaPO4+2Ht+2e-7), and precipitates copper, 
silver, and gold from solutions of their salts, and reduces mercury 
(II) salts to mercury (Ij salts or to mercury. 
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H3PO3+H20+Cu2+ > HgPO4-4-2H* 4-Cu j, 
HaPOs-4-Ha0-4-2Ag* > HsPO4+2H*++2Ag | 
HgPOs--H20 --2Hg?* — HgPO4--2H* --Hgo?* 

[HsPOs + H:O + 2HgCle > HsPOs + 2HCI + HgsCle|] 


mercuric chloride mercurous chloride 
Ha3POs + H20 + Hgt >  HaPO4 + 2H* + 2Het 
mercurous salt mercury 


The phosphites are soluble in water and, like the parent acid, 
are strong reducing agents, 


Structure 
AL M ,/9-R 


of No—H 
17. Orthophosphoric Acid, H;PO, 


This is the most important of al! oxyacids of phosphorus, and 
it is usually the one meant when phosphoric acid is mentioned. 
Preparation, (1) By dissolving phosphorus pentoxide in 
water. 
P4010 + 6H30 > 4H3PO4 
(21 By boiling red phosphorus with moderately concentrated 
nitric acid and a trace of iodine (catalyst). 
Py + 20HNOs — 4HgPO4 + 4H30 + 20NO2 7 


(3) By the action of dilute sulphuric acid on phosphate rock 
(calcium phosphate). : 
Cas(PO4)4 + 3H4SO4 — 3CaSO44 + 2HgPO4 
Properties and reactions. (1) Pure orthophosphoric acid is 
a colourless, crystalline solid, m.p. 42°C. It is extremely deliquescent 
and absorbs water giving a colourless, syrupy liquid called syrupy 
phosphoric acid, containing 82 per cent HaPO,. It is in this form that 
the acid is available commercially. ^ 
(2) As an acid. It is a weak, tribasic acid which dissociates in 
solution thus : 
HaPO4 = H+ + H3PO47 (main) 
HaPOg¢ = H+ + HPO 
HPO,g?- = H* +P0,43- 
Accordingly, it gives rise to three series of salts: (1) acid salts with 
two hydrogen atoms in the acid radical, e.g., NaH2PO,, sodium 
dihydrogen phosphate, (2) acid salts with one hydrogen atom in the 


acid radical, e.g., NasHPO4, disodium hydrogen phosphate, and 
(3) normal salts, e.g., NasPO4, trisodium or normal sodium 


phosphate. 


s t 
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(3) Action of heat. When heated, orthophosphoric acid pro- 
gressively loses water to give successively pyrophosphoric acid at 
280°C and metaphosphoric acid at 600°C. 


250°C 600°C 
2H3PO4 ——— HaP207 ———>  2HPOs 
orthophosphoric —H,O  pyrophosphorie — H,O metaphosphoric 
acid acid acid 


These changes are reversible, and the meta- and pyro- acids yield a 
solution of orthophosphoric acid when boiled with water. 


Uses, (1) In medicine—as a tonic, as an astringent, and as 
an antipyretic. 


(2) In soft drinks. lemondrops, table jellies, etc, to impart 
tartness, 


(3) In the catalytic conversion of ethyl alcohol to ethylene. 
(4) For rust-proofing steel articles before painting. 


(5) In the manufacture of phosphates, particularly triple 
superphosphate and ammonium phosphate, which are used as 
phosphatic fertilizers (main use). 


Structure, All the three hydrogen atoms in orthophosphoric 
acid, being ionizable, must be linked to the phosphorus atom through 
oxygen atoms. Hence, the structure of orthophosphoric acid is 


H—O. 0-H 
>< 
o^ \o-H 


17-1. Orthophosphates. The salts of orthophosphoric acid 
are called orthophosphates, or simply the phosphates. These are 
termed primary, secondary, or tertiary respectively. according to the 
number of hydrogen atoms replaced by metal in the acid molecule 
being 1, 2, or 3. Thus the three sodium salts of orthophosphoric acid 
are: 


(1) Sodium dibydrogen phosphate or primary sodium phos- 
phate, NaH2PO4.H20, lts solution is neutral to methyl orange but 
acid to phenolphthalein. 


(2) Disodium hydrogen phosphate or secondary sodium 
Phosphate. NaoHPO4.12H30. Its solution is neutral to phenolphtha- 
lein but alkaline to methyl orange 


(3) Trisodium phosphate or normal sodium phosphate, NagPO,. 
Its solution is alkaline to all indicators because of extended 
hydrolysis, 


These salts can be prepared from orthophosphoric acid and 
Sodium hydroxide solution by taking advantage of the fact that 
methyl orange changes colour at the. point when the acid has been 
completely converted into the primary salt NaH2PO;, and pheno!- 
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phthalein changes colour when the conversion into the „secondary 
salt, NagHPOa, is complete. No indicator is satisfactory for finding 
out direcily the amount of alkali needed to make the normal salt, 
NasPO4, because its solution is strongly alkaline by hydrolysis. 
However, the volume of the alkali solution needed to give & Solution 
of the trisodium salt will be thrice as much as that needed to reach 
the end point with methyl orange, as is clear from the following 
equations : 
H3PO4+ NaOH (x ml.) > NaHgP04+H20 
Methyl orange end point 


HaPO4-4- 2NaOH (2x ml) > NagHPOy+2H20 
Phenolphthalein end point 


H3PO4-- 3NaOH (3x ml) > NasPO4--3H30^ 


Properties. (1) Solubility. ‘Allthe primary phosphates, e.g., 
NaHsPO4, Ca(HgPO4), etc. are soluble in water, of the secondary 
and tertiary phosphates Only those of sodium, potassium, and 
ammonium are soluble. 


(2) Action of heat. When heated the phosphates lose water of 
crystallization, and swell up. On further heating, primary and 
secondary phosphates undergo dehydration changing to metaphos- 
phates and pyrophosphates respectively. 


NaHePO4 > H20 f +NaPOs (sodium metaphosphate) 
2NasHPO, > H20 f + NasP407 (sodium pyrophosphate) 
Phosphates containing ammonium radical lose both water and 
ammonia on heating. Thus, sodium ammonium hydrogen phosphate, 


which occurs in urine and is called microcosmic salt, decomposes to 
the metaphosphate, ammonia, and water when heated. 


^ 
Na(NH4)HPO4 > NaPO3+NHs t -FH30 + 
microcosmic salt 3 


Magnesium ammonium phosphate decomposes thus : 


A E 
2Mg(NH4)PO, —- MgeP207 + 2NH3t + H20 
mag. am. phosphate mag. pyrophosphate 


Uses of phosphates. Phosphates find a wide variety of uses - 


(1) Trisodium phosphate, NagPOq, is used in water softening. 
Due to its alkalinity in solution and to its emulsifying action, it is 
used alone, or with soda ash, borax, soap, etc. as a detergent. 


(2) Disodium hydrogen phosphate, NagHPOs, is used as a boiler 
compound (to prevent scale formation), in weighting silk in medicine 
for acid indigestion, in cheese making, in leather treatment, and in 
the treatment of textiles. 


(3) Sodium dihydrogen phospate, NaH:PO4, is used as a boiler 
compound and as a constituent of baking powders. 


1 
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(4) Sodium and ammonium phosphates are used in the treatment 
of wood and textiles for flame-proofing purposes. 3 


(5) Calcium phosphate, Cas(POa)s, though insoluble in water, is 
used as a fertilizer. It changes slowly -in the soil by the weather 
process into the soluble dihydrogen phosphate. 


(6) Calcium dihydrogen phosphate, Ca(HsPO4)s, is used asa 
fertilizer (constituent of superphosphate). The pure compound is used 
in. baking powders cs it improves the ageing properties of bread. 


(7) Calcium monohydrogen phosphate, CaHPO4, is used as a 
polishing agent in toothpastes, and as a mineral animal food. 


(8) Glycerophosphates as well as sodium and calcium phosphates 
are used in medical preparations. 


18. Pyrophosphoric Acid, H;P.,O; 
Preparation. This acid is prepared by heating the orthophos- 
phoric acid to 250°C. 
250°C 
2H3PO4 —-» H4P50; — H20 t 


Properties and reaction. (1) Pyrophosphoric acid is a white, 
crystalline solid, m.p. 61°C. It is a tetrabasic acid but gives only two 
series of salts such as NagHaPsO: and Na4P207. 


(2) It is soluble ip water, In solution it slowly changes into 
orthophosphoric acid; the change is rapid if the solution is boiled. 


H4P3074-H2O + 2H3PO4 


(3) On strong heating, it loses a molecule of water to yield two 
molecules of metaphosphoric acid. 


600°C 
H4P207 ——> 2HPO; + H,0t 
Structure 


19. Metaphosphoric Acid, HPO; 


Preparation, Metaphosphoric acid is formed in solution when 
phosphorus pentoxide is dissolved in cold water. 


P205 +H20 — 2HPOs 
pdt can also be made by heating orthophosphoric acid above 


A 
HaPO4 —> HPO3+ H20 
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The molten solid solidifies as a vitreous mass and is, therefore, 
called glacial phosphoric acid. 


Properties and Reactions. Pure metaphosphoric acid is a 
transparent, glassy, deliquescent solid. Its simplest formula is HPOs; 
the actual composition of its molecule is expressed by the formula 
{HPOg)z, where x=3, 4, 5,6, etc. Metaphosphoric acid is very 
poisonous. 


It is readily soluble in water. In aqueous solutions it slowly 
changes to the ortho acid; the change is rapid on boiling the solution. 


HPO; + H20 — H3POq 


It is a monobasic acid, and is fairly strong. Its salts, called 
metaphosphates, often give rise to polymers of the type (NaPOs)s, 
where n may be 100—150. 


Uses, The sodium salt of metaphosphoric acid, sodium hexa- 
metaphosphate, (NaPOg)e, is used for the softening of hard water, 
for washing purposes aud in the treatment of water used in boilers. 
Its use for these purposes depends on its ability to retain calcium and 
magnesium salts in solution. 


Structure 
[o] 
—-o-PZ 
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13-1, Distinction between ortho-, pyro-, and metaphos- 
phates. Al] the three kinds of phosphates give a bright yellow preci- 
pitate of ammonium phosphomolybdate, (NH4)sPO4.12MoOs, when 
dissolved in nitric acid and warmed with an excess of ammonium 

| mened Aolutipn These are distinguished by the tests summarized 
in table 12-1. 


Table 12-1 Distinguishing tests for ortho-, pyro- and metaphosphates* 
puppes or AME 
Reagent Orthophosphate Pyrophosphate Metaphosphate 
1. Neutral Yellow precipitate, | White, crystalline White gelatinous 
AgNO, soln.| Ag,PO, precipitate, precipitate, AgPO;. 
Ag,P;0; 
2. Albumen No effect No effect Coagulated 
and dil. 
acetic acid 
3. Zincacetate | No effect White precipitate No effect 
4. Cobaltnitrate| Bluish-violet ppt, Pink precipitate No effect 
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20, Phosphatic Fertilizers 


These are substances which are added to the soil to improve its 
phosphorus content. Important phosphatic fertilizers are : 

(1) Superphosphate of Lime, Ca(H,PO,)2.H,O. Superphos- 
phate of lime is an important phosphatic fertilizer. It is manufactured 
‘by treating calcium phosphate (phosphate rock) with a calculated 
quantity of concentrated sulphuric acid. 


Ca3(PO4)2 + 2H2SOg +5H20 — Cal H4PO4)2.H20 + 2[CaSO4-2H20, 
psi 


calcium phosphate soluble primary By! 
(Insoluble) phosphate 
f superphosphate of lime 


This reaction is exothermic and is completed in 36—40 hours. 
The product finally solidifies to a hard mass due to the formation 
or gypsum. The massis ground to a fine powder and used as a 
ertilizer. 


(2) Triple superphosphate. A more concentrated form of 
superphosphate called triple superphosphate is produced by the 
action of phosphoric acid on calcium phosphate (phosphate rock). 


Cag(POg)e + 4HaPO4 + 3H340 —3 [Ca( H2PO4)s.H301, 
phosphate rock triple superphosphate 


The resulting product contains 42—46% of P30;. 


(3 Nitrophosphate. It is produced by the action of nitric 
acid on phosphate rock (instead of the sulphuric acid for making 
superphosphate). The resulting material, called nitrophosphate, 
supplies both nitrogen and phosphorus to the soil. 


(4) Phosphatic slag or Thomas meal, ]t is formed as a 
slag in the manufacture of steel, and is a mixture of calcium silicate 
and calcium phosphate. Iron ore (which contains calcium phosphate 
and sand as impurity) is heated with limestone, coke, and air to 
produce iron. The phosphorus pentoxide displaced from calcium 
phosphate reacts with lime (from limestone) to. reform calcium 
phosphate while lime and sand interact to form calciuu: silicate. The 
mixture of calcium phosphate and calcium silicate floats atop the 
molten iron as slag. It is separated, cooled to solidify, and then 
ground to a fine powder. 


Ca3(POa)e + 3Si02 — 3CaSiOa + P305 
3CaO + P405 — Cas(PO4)s 
CaO + SiOz > CaSiOs 


The phosphatic slag contains 14-22% of P205. In the moist soil 
it slowly decomposes to liberate phosphoric acid for plant growth. 
Besides, it provides lime which serves to neutralize the acidity 
in soil. 
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Questions 


1, (a) Write the formula of one compound each having phosphorus in the 
valence state —3, +3, and +5. 


. (b) Write the formula of a compound containing the P'— ion. Write an 
equation to show the action of water on this compound. 


$ (c) Write the structural formulae of phosphorous acid and metaphosphoric 
acid. 


2. Explain the reason that 
i. phosphorus forms PCl, and PCI; both but nitrogen forms only NCls; 
ii. phosphorus froms PCI, but not PH,, 


iii. phosphorus vapour on cooling yields white phosphorus and not red 
phosphorus, 


3, Write chemical equations for the following : 


* (1) A mixture of calcium phosphate, sand, and coke is heated to 1500°C. 
(2) White phosphorus is heated with sodium hydroxide solution. 
(3) Phosphorus trichloride reacts with water. - 
(4) Phosphorus pentoxide reacts with water. 


4. Show, by means of chemical equations, the action of heat on : 
(1) phosphorus pentachloride (3) orthophosphoric acid 
(2) phosphorous acid : (4) magnesium ammonium phosphate 


(5). (a) Name three important minerals of phosphorus and write down 
their chemical formulae. 


x (b) Describe in brief how phosphorus is manufuctured from phosphate 
rock, 


^ (c) How can white phosphorus be changed to red phosphorus and vice 
versa ? 


(d) Give one physical method and one chemical method for the separation 
of red phosphorus from white phosphorus. 


,. (e) Explain the reason why red phosphorus is chemically less reactive then 
white phosphorus. 


(f) List five main uses of phosphorus. 
6. (a) How is phosphine prepared in the laboratory ? 
(b) Compare the reactions of phosphine wlth those of ammonia. 


.7. (a) Write the structures of phosphorus trloxide and phosphorus 
pentoxide. 


(b) How are these oxides prepared ? What happens when these oxides 
react with water ? 


(c) Show by means of balanced chemical equations that phosphorus 
pentoxide is a powerful dehydrating agent. 


8. (a) How is phosphorous acid obtained ? 
(b) Give equations to show that it is a reducing agent. 
(c) Write the structure of phosphorous acid. 3 


9. (a) How is orthophosphoric acid prepared ? Give three reactions of the 
acid along with their equations. 


(b) Write down equations to show the dissociation of orthophosphoric 
acid in aqueous solutions. 


(c) Write the structure of orthophosphoric acid. 
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(d) What changes occur when orthophosphoric acid is heated ? Write the 
Structures of the compounds that are formed. 


10, How are the following phosphatic fertilizers produced : 

I. superphosphate of lime, 

ii. triple superphosphate, 
iii. nitrophosphate ? 

Key 

1. (a) PH, P——3; P,0,P-43; P,O,;P-45 
(b) Ca;P,; CasP, + 6H,O + 3Ca(OH), + 2PH; t 
2. (a) The valence shell in nitrogen, being the second shell (n=2), has no 


d orbitals. Hence, it can use only the three unpaired p electron of its valevce shell 
(25? 2px" 2py! 2p;!) for bonding. So, it cannot form NCI,. 


The valence shell (23) in phosphorus has 2 electrons in the s sublevel, 

3 unpaired p electrons in the p sublevel, and five vacant d orbitale (3s? 3pa! 3p,* 

3p;'). Wasa the three uapiired p electrons are used in reaction with chlorine, 

PCi; is formed, However, in its excited state the phorphorus atom will have its 

seleztroas unpaired and one of th: s electrons promoted to a vacant d orbital. 
Thus, in the excited state it has five unpaired electrons and so, forms PCI,. 


(b) Hydrog:n, being weakly electronegative, does not release enough 
energy in its reaction with phosphorus to unpair the 35? electrons and promote 
one of them to a 3d orbital. So, it can use only the three unpaired electrons of 
phosphorus for bonding. 


(c) Phosphorus vapour is in the highest energy state. On cooling, its 
changes to the next lower energy state which is white phosphorus. Red phosph - 
rus is in the lowest energy state. 
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Sulphur 
(An Element of Group VIA) 


second element ín Group VIA, preceded by 
ad followed by by prende (Se), nm Te), and Poloniam » 
the last named being a short-lived radioactive element. The elemen! 
in this groug are predominantly nonmetallic, Ca selenium, 
tellurium., show some metallic is 


"Fhe Group VIA being close to the 

ERITA tbe ae the ihe, OUD po poen 
ionization energies decrease going down 

interesting feature EN Group VIA elements is that. all n e 

with tbe possible exception of polonium, posses allotropic forms. 


1. Position of Sulphur in the Periodic Table 


Sulphur follows the first. element, oxygen, 
in Group VIA of the periodic table with the ele- Ce Ly 
ment selenium coming vertically below it. Its | N O F | 
horizontal neighbours are phosphorus to the | P S Cl | 


left and chlorine to the right. tion of 2 
sulphur in the periodic table is fully justified 
on the following considerations : 


1, Electronic c tion, ec like the other elements 
of e ‘group, has six valency electrons (35*3p*) — one more than in 
phosphorus (3139) s e one less than in docte (3513pt). 


The electronic configuration of sulphur differs significantly 
from that of oxygen inasmuch as the valency shell, ualike in 
oxygen (252p4) possesses vacant d orbitals. Hence, these first two 
elements of Group VIA, though having much in common, exhibit 
substantíal differences also. 


Omma 


valency shell of oxygen. valency shell of sulphur 
(94) 


£ 


Pe 
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2. Valency. The Group VI elements all have the valencyoshelk 
Structure ns*np*, As such, they tend to attain an inert gas configu- 
ration (8 electrons in the outermost shell) by gaining or sharing two 
electrons. Thus, they all show a valency of —2 with Jess electronega- 
tive elements, e.g. in MgO, MgS, etc., and +2 with more electro- 
negative elements, e.g., in ClaO, SCIs, etc. 


Sulphur (and also Se, Te, and Po) can exhibit higher valen- 
cies of +4 and +6 also, This is because in its different excited states 
sulphur can have four and six unpaired electrons owing to the 
availability of vacant d orbitals, 


sua wom Bo CLEC 


2 unpaired electrons, therefore can form two bonds, 


em m GLT TTI 


4 unpaired electrons, therefore can form four bonds 


ee som tutor En Aba deh bel ditt cde Lad 


6 unpaired electrons, therefore can form six bonds. 


The highest valency of +6 is brought -4 strongly electronega~ 
tive elements-oxygen and sulphur in SOs and SFe respectively. 


Oxygen is never more than divalent because it» valency shell, 
being the second one, has no vacant d orbitals, and it requires too 
much energy to excite an electron into a higher shell. 


. 3. Type of bonding. When oxygen combines with metals, 
it gains two electrons, consequently most metal oxides are ionic and 
contain O?“ jon. Sulphur is far less electro negative than oxygen and 
even with the most electropositive elements it does not form the [ 
ion, The maximum effective charge on the sulphur atom in sulphides 
is of the order of —1; ie., the sulphides are not more than 50% 
ionic. With elements which are not strongly electropositive, sulphur 
forms predominantly covaleot bonds. Thus compounds such as 
HgS, SCls, SOs, etc. all have covalently bonded sulphur. 


If we consider the elements P—S—CI, we find that the ionic 
character of the binary compounds with metals, eg. nre Mg, 
MgCls progressively increases in this very order. is the conse- 
mor the progressive increase in the electronegativity of the 

ts across a period. 
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4. Nonmetallic character, Sulphur is typically nonmetallic, 
much more nonmetallic than the elements following it in the group. 
Horizontally, the nonmetallic character of sulphur is stronger than 
that of phosphorus, but weaker than that of chlorine, This is reflected 
in the stability of the hydrides and the nature of the oxides of these 
elements. 


5, Compounds, (i) Hydrides. Sulphur forms the volatile 
bivalent hydride H2S corresponding to the hydrides of other elements 
of the woup, viz, H»O, HaSe, HeTe, and HePo. These hydrides 
decre. in stability from HzO te HaPo. HeS is more acidic than 
H20 but less acidic than the other hydrides of the group. 


Among the hydrides PH, HsS, and HCl, the acidic character 
increases in this very order; PHg is weakly basic, HaS is weakly 
acidic, and HCI is strongly acidic. 


(ii) Oxides. Sulphur forms the oxides SOg and SOs, both of 
which are strongly acidic and dissolve in water to give sulphurous 
acid, HgSOs, and sulphuric acid, HeSO.,, respectively. Selenium, 
tellurium, and polonium also forms the dioxides—SeOs. TeOs, and 
PoOs which are all solids, unlike SO» which is a gas under ordinary 
conditions. Among al! these oxides, SO» is the most strongly acidic 
and PoO, the most strongly basic. This is in accordance with the 
gradual increase in the metallic character going down the group. 


(iii) Halides. Sulphur and all other elements of the group form 
halides of the type MXg, MXa, MXs, etc. Fluorine brings out the 
maximum valency of six with S, Se, and Te; and SFe, SeFe, and 
TeFg are all formed by direct combination. Among these SFe is 
chemically the least reactive. Other halides of sulphur are SF4, SCl4, 
SF», SCle, SsFs, SeCle, and SsBro. 


(iv) Compounds of valency —2. The greatest similarity bet- 
ween sulphur and oxygen is displayed in compounds in which their 
atoms have a valency of —2, e.g., the oxides and sulphides, and the 
hydroxides anc hydrosulphides. For example, consider these com- 
pounds of the elements of the third period : 


Na Mg Al Si P S 
Oxide Na,O MgO Al,O, SiO, P.O, SO; 
Sulphide Na,S Mgs ALS; SiS, PAS, 
Hydroxide NaOH Mg(OH), AMOH), H,SiO, HPO; H,SO, 


Hydrosulphide  NaSH Mg(SH), ASH),  H,SiS, H,PS, — 
[Ren 


Chemical nature basic amphoteric acidic 


It may also be appreciated that the chemical nature of the 
related oxides, sulphides, hydroxides, etc. changes regularly across 


a period. 
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4, Sulphur in Nature 


Like oxygen, sulphur is also a very common element and occurs 
in the earth's crust as free element in the form of mineral sulphides 
and sulphates. Many sulphide minerals are valuable ores, e.g. 
galena, PbS; zinc blende, ZnS, silver glance, AgaS, cinnabar, HgS, etc. 


Free sulphur is found in the volcanic regions in Sicily, Japan, South ~ 


America, Mexico, Greenland, and Iceland. Rich deposits of very 
pure sulphur exist below the surface of earth in Texas and Louisiana 
in the U.S.A. In our country, only very small deposits of the element 
occur in the Kangra district in Himachai Pradesh. 


5, Extraction of Sulphur 


Native sulphur is separated from the rocky impurities (e.g., 
clay, silica, limestone, etc.) by melting out, usually at the expense of 
the heat evolved due to the combustion of the sulphur itself. About 
30 per cent of the sulphur is used up as fuel in the process. 


Over 80 per cent of the world's production of sulphur is mined 
from the underground deposits in Louisiana and Texas. The mining 


ofsulphur from these deposits was not possible by conventional : 


methods as poisonous gases were present and sulphur was covered 
up to à height of about 300 metres with mud, gravel, and quick sand 
which would cause cave-ins. Herman Frasch devised a clever method 
for the extraction of sulphur from these deposits in which sulphur is 
pumped to the surface in molten form. The method is known after 
his name as the Frasch process. 


2-1, The Frasch process. Three concentric pipes are sunk in 
a bore hole down to the 
deposit. Superheated water 
is passed down the outer 
pipe, and this melts the 
sulphur underground. The 
molten sulphur collects in a 
pool around the: open ends Superheoted — f] 
ofthe pipes. Hot, compre- water eE 
ssed air (at a pressure of 
about 35 atmospheres) is 
blown down the inner pipe. 
A bubbly froth of molten 
sulphur, water, and air forms 
which is forced up the 
middle pipe (Fig. 13-1). This 
froth is allowed to flow into 
immense wooden vats, where 
the sulphur solidifies upon 
tooling. The sulphur pro- 
duced is about 99°5 per cent 
pure, and for most of ifs 
uses needs no purification. 


Hot compressed 


Sutphur bed 


Fig. 13-1. Frasch process for mining sulphur, 
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3. Allotropes of Sulphur 


__ Sulphur exists in several solid and allotropic forms having 
different arrangements of groups of sulphur atoms. The two crysta- 
lline forms are «- or rhombic sulphur and B- or monoclinic sulphur. 


3.1, Rhombic or a- sulphur, This is the form of sulphur 
which is stable at ordinary temperature. All other forms of sulphur 
change to this form upon standing. The crystals of rhombic sulphur 
belong to the orthorhombic system (Fig. 13-2) and are lemon yellow 
incolour. The units in the crystal of rhombic sulphur are eight- 
membered rings of sulphur atoms (Fig. 13-3). The sulphur atoms in 
the Sg ring are connected to one another by single covalent bonds, 
each sulphur atom using two of its six valency electrons in forming 
two covalent bonds (Fig. 13-4). The crystal lattice is molecular in 
type, the Sg rings being held together in the lattice by relatively weak 
polar forces, Hence, rhombic sulphur has a rather low melting. 
point, 


CN 


D 


EE Ry, 


Fig. 13-2, Crystalof Fig, 13-3. Ring of Fig./13-4. Structure of the S, 
rhombic sulphur ; eight sulphur molecule of sulphur. © 
octahedral shape. atoms. 


Crystals of rhombic sulphur may be prepared by dissolving. 
solid sulphur in carbon disulphide; and then allowing the solvent to: 
evaporate slowly. The specific gravity o ‘rhombic sulphur is 2'06. 


3-2. Monoclinic or (-sulphur, At 96°C, the Sg units in 
rhombic sulphur rearrange themselves to form 
the monoclinic (prismatic) crystal. (Fig. 13-5), 
That, is monoclinic sulphur also consists of Sg 
rings, but in a different crystalline arrangement, 
This form is stable above 95°6°C, the transition 
temperature between rhombic sulphur and 
monoclinic sulphur, up to its melting point 
119°2°C, 
Monoclinic sulphur can be prepared by 
melting some sulpbur in a crucible, allowing the 
molten sulphur to cool slowly until a crust just Fig, 13.5, al of 
begins . to form, and then breaking the crust and M Eau Capi 
pouring out the liquid sulphur. A mass of mono- 
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clinic sulphur will be found lining the surface of the crucible, The 
specific gravity of monoclinic sulphur is 1°96, 


3-3. Sulphur (/ambda-sulphur). Melting of the sulphur 
results when the binding forces among the Sg molecular units are 
broken, and the units are free to move. Since the Separate Sg units, 
being spherical, can easily roll over one another, the resulting 
amber-coloured liquid sulphur flows readily. In this form it is called 
A-sulphur. 


3-4, p-Salphur (mu-sulphur). At 160°C, the liquid sulphur 
darkens and becomes more viscous. At 200°C, it becomes dark 
brown and so viscous that it will not flow out when the container is 
turned upside down. In this form it is called mu-sulphur. It results 
by the disruption of the Sg ring molecules and the formation of long 
chains of sulphur atoms S,, consisting of several hundreds of 
thousands of atoms. 


As the temperature of lambda sulphur increases, the sulphur 
atoms acquire enough energy to cause the eight-membered rings to 
break open. The sulphur atoms on either side of the broken ring are 
each left with an unshared electron. These sulphur atoms form bonds 
with similar sulphur atoms from other open rings, producing long 
chains of S atoms (Fig. 13-6). These chains tangle together, causing 
the high viscosity of the-p-sulphur. As the number of eight-membered 
rings of sulphur atoms breaking open increases, the viscosity of 
the resulting s-sulphur also increases. The darker colour of p-sulphur 
arises from the greater absorption of light by the electrons which 
formerly completed the ring structure, but which have now become 
free and move along the chain structure, 


Fig. 13-6. Part of a chain of sulphur atoms in mu-sulphur. 


3-5, Plastic sulphur. If boiling sulphur is poured into cold 
water, a dark brown rubbery amorphous mass results. This form of 
the element is called plastic sulphur. It is a supercooled liquid and is 
insoluble in carbon disulphide, unlike the other two solid forms of 
sulphur. Its specific gravity is 1°95. 


At the boiling point of sulphur, the long tangled S, chains 
have largely broken down, and are in equilibrium with the resulting 
Ss rings. On rapid cooling, an amorphous mass is produced which 
consists of a mixture of ring molecules and chain molecules in an 
intertwined random state. It is elastic owing to its capacity to revert 
into a tangled mass of zigzag chains when stretched. However, plastic 
sulphur soon loses its elasticity, becoming hard and brittle with the 
Ss ring configuration of the stable rhombic variety. ' 
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4. Physical Properties of Sulphur 


The physical properties of. rhombic sulphur, the allotrope of 
sulphur stable at ordinary temperature, are as follows : 


(1) It is a yellow solid, hard and brittle. It forms octahedral 
crystals which melt at 112'8^C. Its specific gravity is 2'06. 


(2) It is almost tasteless and odourless. 


(3) It is insoluble in water, sparingly soluble in alcohol and 
ether, and readily soluble in carbon disulphide and carbon tetra- 
chloride. 


(4) It is a poor conductor of heat and electricity. 


4.1, Effect of heat on sulphur. When sulphur is heated in 
the absence of air, it undergoes a series of changes. These can be 
easily observed by heating powdered sulphur in a test tube as in it 
only a small area of sulphur is exposed so air. 


i. It melts at 112°8°C to a clear, straw-coloured liquid which 
flows freely. It is known as lambda sulphur, SA. 


ii. At a higher temperature, the straw-coloured liquid rapidly 
darkens to amber colour and becomes more viscous. About 200'C, 
it becomes so thick that it does not flow out even on inverting the 
tube. It is now like thick, dark tar. This liquid form of sulphur is 
called mu-sulphur, Sp. 


ili..As the boiling point approaches, the chains of sulphur 
atoms in -sulphur break up into smaller groups of atoms. As a 
resuit, the viscosity decreases and the liquid again flows freely. It 
boils at 444°C forming Sg vapour by the vaporization of the Sg rings 
which still remain. The vapour condenses on a cold surface as a fihe, 
yellow powder (flowers of sulphur). 


dv. At higher temperatures the Sg molecules progressively 
dissociate into Sg, Sa, and Sg molecules as a consequence of the 
increased molecular motion. Asthe composition of the molecules 
alters, the celour of sulphur vapour changes from orange yellow to a 
straw yellow. About 2000°C, the Sg molecules dissociate into atoms. 
Sa molecules are paramagnetic and similar in structure to Og mole- 
cules. In all its other states sulphur is diamagnetic. 


The changes:described above occur in the reverse order on 


cooling. These may be summarized as given below : 
— Fer 113° 200° 444° 1000° 2000° 
S = S e SI @ Sh @ Sg e Sw S 


rhombic monoclinic liquid liquid vapour vapour vapour 

The relative proportion of the two liquid forms of sulphur, 
SA and Sy, varies with temperature. This accounts for the difference 
in the properties (e.g., colour and viscosity) of sulphur at different 
temperatures, 


A 
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5. Reactions of Sulphur 


1, Burning. When heated to 250°C in air or oxygen, sulphur 
burns with a pale-blue flame and combines with oxygen to form 
sulphur dioxide, SOs. A little sulphur trioxide, SOs, is also formed. 

S + O: > SO; 
2S + 304 — 2SOs (in traces) 

2. Combination with nonmetals. (a) Sulphur, combines 
with hydrogen to form hydrogen sulphide, HS, when hydrogen is 
passed through boiling sulphur. 

He + S — H:S 

(b) When sulphur vapour is passed over red-hot. carbon 

(charcoal), the two elements combine to give carbon disulphide, CSs. 
C + 28 — CS; (carbon disulphide) 


(c) On passing chlorine through boiling sulphur. sulphur 
chloride, SaCls, is obtained as an orange-yellow liquid. 
28 + Cle — SsCla (sulphur monochloride) 


3. Combination with metals, Sulphur combines with 
mercury even at the temperature of liquid air. The two elements 
readily combine when rubbed together to form mercuric sulphide, 

8S. 
Hg + S + HgS (mercuric sulphide) 
It combines with copper, zinc, iron, etc. on heating to form their 
sulphides. 
2Cu + S — CuS (cuprous sulphide) 
Fe 4- S — FeS (iron sulphide) 

4, With acids, Sulphur does not react with hydrochloric acid 
under any conditions. It is unaffected by dilute sulphuric acid. and 
dilute nitric acid. Hot concentrated sulphuric acid oxidises it to 
sulphur dioxide. 

HSO, + SO, + H,O + 0]x2 
S + 20 + SO, 
S + 2H2504 > 3802 + 2H20 
Boiling concentrated nitric acid oxidises it to sulphuric acid. 
2HNO, — 2NO, + H,O + 0] x 3 
S + 30 + H,O + HS0, 
S + 6HNOs > H2504 + 6NOg + 2H20 

5, With alkalis, Sulphur dissolves in hot, concentrated 
solutions of alkalis, e.g., sodium hydroxide, forming a mixture of 
alkali sulphide, sulphite, and thiosulphate. 


3 H = 2NagS + NasSOs + 3HsO 
iir ONU S SM S read Sulphide sodium sulphite water 


NasSOs + S — Nas830s (sodium thiosulphate) 
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Sodium pentasulphide is also formed in very small quantities. 
NasS + 4S — NaeSs (sodium pentasulphide) 


6. With potassiam chlorate, Sulphur forms explosive 
mixtures with potassium chlorate which detonate when heated or 
struck; 


6. Uses of Sulphur 


1. In chemical industry. The largest single use of sulphur is in 
the production of sulphuric acid by the contact process. Sulphur is 
burned to sulphur dioxide, which is used in bleaching straw and 
wool. Sulphur is also used in producing carbon disulphide (used as 
an industrial solvent), phosphorus trisulphide (used in the match 
industry), calcium sulphide (used for bleaching wood-pulp in the 
paper industry), sulphites, thiosulphates, gun-powder (mixture of 
sulphur, charcoal, and nitre), etc. 


2. As a bactericide and fungicide. Owing to its bactericidal and 
fungicidal properties, sulphur is used in ointments for skin diseases 
and in sprays for fruit trees (e.g., lime-sulphur spray). 


3. In rubber industry. Raw rubber is heated with sulphur at 
a definite temperature for a definite time. This treatment converts 
the soft sticky mass of rubber into a hard, tough substance, called 
Map rubber. Articles made of vulcanized rubber retain their 

apes. 

4. In medicines, Colloidal sulphur is used in oral medicines. 
Many sulphur compounds of'metals are used as oral medicines in the 
Ayurvedic system. Makaradhwaj ("*"X*w4), made of mercury and 
sulphur, is a famous Ayurvedic tonic. 


5. In the manufacture-of sulphur dyes which are used for dyeing 
hosiery goods. 


7. Hydrogen Sulphide, H,S 


7-1. Hydrogen sulphide in mature. Hydrogen sulphide 
occurs in volcanic gases and in the waters of sulphur springs. It forms 
cratinually as a result of the decay of the proteins in dead animals 
and plants. Thís accounts for the strong odour of hydrogen sulphide 
in the air around cesspools, garbage piles, drainage waters, etc. 
Especially large quantities of hydrogen sulphide are formed during 
the rotting of egg albumin. which is the reason for the characteristic 
odour of rotten eggs. 


7-2. Preparation of bydrogen sulphide, Hydrogen sulphide 
can be prepared by the direct union of its elements, e.g., by bubbling 
hydrogen through molten sulphur. However, the method is not 
practical because the reaction is reversible and, as it is usually carried 
out, not more than two per cent of the elements remain combined. 


Hs + S = H:S + 5,260 cal. 


SULPHUR 103 


Laboratory preparation. Hydrogen sulphide is prepared in the 
laboratory by the action of dilute sulphuric acid on iron sulphide. 


FeS + H»SO4 > FeSO, + H2St 


Pieces of iron sulphide are placed in a bottle fitted with a 
thistle funnel and a delivery tube (Fig. 13-7). Dilute sulphuric acid 
is poured down the thistle funnel when hydrogen sulphide is evolved 
with brisk effervescence. The gas is collected by the upward dis- 
placement of air. 


hydrogen 
AKAT 


diute — | 
sulphuric acid 
iron sulphide 


Fig 13-7. Preparation of hydrogen sulphide in laboratory 


If required, hydrogen sulphide can be dried by passing it 
through calcium chloride or phosphorus pentoxide. Concentrated 
sulphuric acid cannot be used for drying hydrogen sulphide since it 
reacts with it according to the equation : 


HSO4 + HS — 2H20 + SO2t+ SJ} 


Pure hydrogen sulphide is made by heating powdered antimony 
sulphide, SbgSg, with concentrated hydrochloric acid. 


SbeSs + 6HCI — 2SbClz + 3H2S Î 


The gas is washed with water to remove hydrochloric acid, dried 
over phosphorus pentoxide, and collected by upward displacement of 
air in dry gas jars. 


7-3, Use of Kipp's apparatus. Hydrogen sulphide, for inter- 
mittent use in qualitative analysis, is generated in Kipp's apparatus 
(Fig. 13-8). It consists of two detachable parts: the upper part is 
a bulb (A) with a long stem, and the lower part is made of two bulbs 
Band C joined together. The stem of A fits air tight into the neck 
of the bulb B. Pieces of iron sulphide are placed in the bulo B 
and dilute sulphuric acid is poured in through A until it fills C; 
reaches B, and covers the iron sulphide. Reaction starts and hydrogen 
sulphide is liberated. The gas collects in the bulb B above the acid. 
As more and more of the gas collects, its pressure progressively 
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increases. At a certain stage, the pressure of the gas pushes down 
the acid from the bulb B into C, and then, through the stem, into A. 
The reaction now stops as iron sulphide is no longer in contact with 
the acid. 


When the gas collected in B is taken out through the tap, its 
pressure over-the acid falls. This causes the acid to rise up into the 
bulb B. The reaction once again starts and continues until the acid is 
again pushed away by the pressure of the accumulated gas.* 


tap open lap closed 


HaS 


(a) When the gas is (b) The pressure of the gas 


taken out, the acid rises collected in tbe bulb B 
up in the bulb B and pushes out the acid and 
more gas is generated. no more gas is generated. 


Fig. 13-8. Preparation of hydrogen sulphide in Kipp's apparatus. 


7.4. Physicai properties of hydrogen sulphide, (1) Hydro- 
gen sulphide is a colourless gas with a repulsive, rather sweet smell 
resembling that of a rotten egg. 


(2) It is slightly heavier than air (V.D. of air=14°4; V.D. of 
hydrogen sulphide=17). 


(3) Hydrogen sulphide is fairly soluble in cold water 
(3 lumes of gas in 1 volume of water) but escapes on warming the 
solution. 


(4) It liquefies when compressed at a low temperature. Liquid 
hydrogen sulphide boils at —60°C and freezes at — 83°C. 


3 (5) It is poisonous in nature. When inhaled in small amounts, 
it produces severe headache and unconsciousness; larger amounts 
may cause death. 


.  *Many other gases may be similarly generated in the Kipp's apparatus 
for intermittent use, e.g., hydrogen (granulated zinc and dilute sulphuric acid), 
carbon dioxide (marble pieces and dilute hydrochloric acid), etc. 
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7-5. Reactions of hydrogen sulphide, Important reactions 
are : 

l. Thermal dissociation. When heated, hydrogen sulphide 
begins to dissociate-into its elements at 310°; the dissociation is 
complete at 1700°C. 

HS = Ha + S 

.. 2. Burning. Hydrogen sulphide js very inflammable and mixed 
with air, it is explosive. In the air hydrogen sulphide burns with a 
bluish flame to form sulphur dioxide and water. 

2H2S + 302 > 2H20 + 2802 
When hydrogen sulphide is ignited in a limited supply of air or 
when a cold object such as a porcelain dish is introduced into a 
hydrogen sulphide flame, free sulphur is deposited, 
2H2S + Oz > 2H20 + 28 

Advantage is taken of this reaction to recover sulphur from the 
waste gases from crude petroleum, which contain much hydrogen 
sulphide. The sulphur thus obtained is an important by-product in 
the oil industry. 

3. As an acid. A solution of hydrogen sulphide in water turns 
bluelitmus red and, in general, possesses acidic properties. This 
acid, often called hydrosulphuric acid, is a very weak acid. It ionizes 
mainly according to the equation 


H:S = H+ + HS 
and to a small extent as 

HS- e Ht + S* 
giving sulphide ions. As such, it is a dibasic acid and neutralizes 
_alkalis to form two series of salts the hydrosulphides and the 
sulphides, 

NaOH + HS — > NaHS + H0 
sodium hydrogen 
sulphide 


2NaOH + HS — NaS + 2H20 
sodium sulphide 


Most of the more reactive metals will displace hydrogen from 
hydrogen sulphide, especially at elevated temperatures. For example, 
Pb + H,S — PbS + Hof 
Sn + HeS > SnS + Het 
If silver is placed in hydrogen sulphide solution, it immediately turns 


black due to the formation of black silver sulphide on its surface. 
However, the oxygen of the air also takes part in this reaction. 


4Ag + 2HoS + Os — 2AgaS + 2H,0 


| 
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4. As a reducing agent. Because the sulphide ion in hydrogen 
sulphide readily gives up electrons to oxidizing agents to form 
sulphur atom, hydrogen sulphide is an active reducing agent. It 
xeduces— 

i. halogens to hydrogen halides, 

Cle + H:S — 2HCI + S 
Bre + HS > 2HBr + S 
i. iron (IIT) salts to iron (II) salts, 
2FeClg + HS — 2FeCle + 2HCI + SJ} 
ii. sulphur dioxide to sulphur,* 
2H2S + SO» > 2H20 + 3S4 
iv. sulphuric acid to sulphur dioxide, 
H2SO4 + HeS > 2H,0 + SO; + SẸ} 
v. nitric acid to nitrogen dioxide, 
2HNO; + H,O + 2NO, + O 
H,S + O + H,O + S 
2HNOs + H2S — 2H30 + 2NOs + S} 
vi. acidified potassium permanganate solůtions (pink) to 
manganese(1)salts (colourless solutions)... 
2KMnO, + 3H,SO, + K4S0, + 2MnSO, + 3H,O0 + 50 
CHS 0 9 H,O + S]Xx$ 


~ 


qucm + 3H$850, + SH2S — K2SO4 + anger + 8H20+5S 


potassium man, 


sulphate phate 
permane samtion) (Colourless solution) 
^r, ionically 


2MnO,^ + 6H* + 5H4,8 > 2Mn?* + 8H20 + 5S 
vii, acidified potassium dichromate solution to chromium (III) 
solutions (solution turned green). 
K,Cr,0, + 4H,SO, + K,SO, + Cr,(SO,); + 4H,O + 30 
HS + ʻO —> H,O + SPO, 


KiCriOs + 4H380, + 3H2S > KeSOg + Cra(SOz): Dae +: 7H30 + 38 


Pet adam chroniona] 
at 
ge roma (Cofourless) (Gees polation) 
Or, ionically 
Crg07?- + 8H* + 3H2S — 3Cr3+ + 7H30 + 3S 


*The ONE ofsulphurin volcanic regions may be the result of this 
on hydrogen sulphide and sulphur dioxide are present in volca- 
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S: Precipitation of sulphides: Hydrogen sulphide, when passed 
Buoni solutions of certai salts, precipitates their sulphides. For 
example, 


CuSO, + H3S —> CuS | + HaSO4 
ZnCla 4- HaS > ZnS | + 2HCI 
Or,in the ionic form, 
Cuf* + H3S > CuS $ + 2H* 
Zn** + H3S + ZnS $ + 2H* 


Obviously, a metal sulphide will be precipitated from the solution of 
its salt if it is not soluble in dilute acids which are formed in such 
reactions. This is why iron sulphide is not precipitated when hydrogen 
sulphide is passed through. solution of an iron salt, However if an 
alkali is previously added to the solution, iron sulphide will be 
precipitated as the acid formed will be instantaneously neutralized, 
An even simpler method is to treat the iron salt with a soluble 
sulphide, say, NagS, instead of hydrogen sulphide; no acid will be 
formed at all, and the iron sulphide will be thrown away as a black 
precipitate. 
FeSO, + Nas? + FeS | + NazSO, 

Or, Fe3* + NagS — FeS | + 2Na* 

Advantage is taken of the difference in solubility of sulphides 
in analytical chemistry for successive precipitation of metals from 
the solutions of their salts. The metal sulphides fall into three 
groups: 

(i) Those which are precipitated trom acidic solutions, These 
are placed in group II of the qualitative analysis. These are 

HgS, PbS, Bi,S,, CuS—Black Sb,S,—Orange 
CdS, As,S, SoS, — —Yellow SnS —Chocolate brown 

(ii) Those which are not precipitated in acidic medium but „are 
precipitated in ammoniacal solution in the presence of ammonjum 
chloride. These are placed in group IV of the qualitative analysis. 
TLese are— 

ZuS—White; MnS—Buff; NiS and CoS—Black 


(iii) Those which are soluble in water and are not precipitated 
HAS, e.g., NasS, KsS, etc. 


7.6. Tests for hydrogen sulphide, (1) The gas is. colourless 
with a characteristic smell of rotten eggs. 

(2) It produces a black stain ou filter paper moistened with 
lead acetate (due to the formation of lead sulphide). 


CH3. P H:S —-» 2CH3.COOH + PbS} 
( MOM b eP AER Pa acid lead sulphide 
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(3) It produces a black stain on a silver coin (due to the 

formation of black silver sulphide). 
4Ag + 2HeS + O, — 2Ag2S + 2H30 

(4) It produces a beautiful purple colour with an ammoniacal 
solution of sodium nitroprusside. 

7-1, Uses of hydrogen sulphide, (1) As an analytical reagent 
in. the laboratory in qualitative analysis. 

(2) For the preparation of certain metal sulphides which are used 
as pigments in paints and varnishes. 

7.8. Molecular formula of hydrogen sulphide. Hydrogen 
sulphide is formed when hydrogen is passed through boiling sulphur. 
On heating or sparking, it decomposes 
into hydrogen and sulphur. Thus syn- 
thesis as well as analysis shows that 
hydrogen sulphide is made up of only 
hydrogen and sulphur. Its formula may 
be determined by either of the following 
methods : 


to induction 
coil 


„hydrogen 


Method 1. A known volume of 
sulphide 


hydrogen sulphide is enclosed over 
mercury in an eudiometer tube (Fig. 
13-9). Electric sparks are passed thro- 
ugh the gas when it decomposes into 
hydrogen and sulphur. The tube is 
allowed to cool but the volume of the 
enclosed gas does “not change. This 
shows that when hydrogen sulphide 
decomposes it leaves its own volume of 
hydrogen. Fig. 13-9." Eudiometer tube. 


Method 2, A small quantity of tin foil is placed in the bottom 
of a thumb tube. It is now filled with mercury and its mouth{is 
dipped under mercury in a 
HM. A ana} volume of 
pure and dry hydrogen sul- , My 
phide is inioduchd. in the h Yolen genaul pune install 
tube over mercury (Fig. 13-10). 
The tin foil is heated when it 
reacts with hydrogen sulphide 
liberating its hydrogen and 
combining with its sulphur 
to form tin sulphide. The tube 


mercury 


is allowed to cool. The level Fig. 13,10, Determination of the formula 
of mercury in the tube of hydrogen sulphide by decomposing 
remains where it was before it with heated tin. 


heating the tin. Hence, the 

volume of hydrogen liberated is equal to the volume of hydrogen 
sulphide. That is, Aydrogen sulphide contains its own volume o 
hydrogen. 
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Thus, 

1 volume of hydrogen sulphide contains I volume of hydrogen, 

1 molecule of hydrogen sulphide contains 1 molecule of 

hydrogen. (By Avogadro's hypothesis) 

Hence, the molecular formula of hydrogen sulphide is HoSs. 

Its molecular weight from the formula HaS:=2+32x, 

The vapour density of the gas determined experimentally is 17. 

Hence, its molecular weight is 2x 172234. 

p 2+32x=34; or, x=] 

Therefore, the molecular formula of hydrogen sulphide is HS. 
8; Sulphides 


Sulphur directly combines with a number of less electronegative 
elements to form binary compounds* called sulphides. The sulphides 
of metalic elements may be regarded as the salts of hydrosulphuric 
acid, (hydrogen sulphide), HeS, formed by the replacement of its 
hydrogen by the metal, e.g., NagS, ZnS, etc. 


8.1, Preparation of sulphides. The common methods are: 
(t) By heating the metal with sulphur, e.g., 
Fe+S->FeS; Zn4-S—ZnS 
(il) By heating a metal in hydrogen sulphide e.g., 
Sn + H2S — Ha t + SnS (stannous sulphide) 
(iii) By passing hydrogen sulphide through the solution of salts. 
"This results in the precipitation of insoluble sulphides e.g., 
HgClo + HS > HgS4-2HCI 
(iv) By neutralising on alkall with hydrogen sulphide, e.g. 
2NaOH + H2S — NasS + 2H20 


(v) By reducing sulphates with carbon at high temperatures. 
For example, 


A 
BaSO, + 4C —- BaS + 4CO 1 
8-2, General properties of sulphides, (1) Solubility. The 
sulphides of alkali metals (NagS, KaS, etc.) are soluble in water; 
those of alkaline earth metals (CaS, BaS, MgS, etc.) hydrolyse, in 
water to form soluble hydrosulphides, e.g. 


HS e Me (HS); 
Mgs Y : megncsium hydrosulphide 


and those of other common metals are insoluble in water. 


*Only those binary compounds of sulphur are called sulphides in which 
it is combined with a more electropositive element. Thus, H,S, Na,S, Cus, etc., 
are all EER but SaCl, is not chlorine sulphide because chlorine is less 
. electropositive than sulphur. This compound is named as sulphur chloride. 
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(2) Action of heat. The sulphides of alkali metals (Na, K, 
etc.) and of alkaline earth metals (Cs, Sr, Ba) are stable towards 
-heat. Other sulphides decompose on heating in air to give sulphur 
dioxide and a residue of the meta, or its oxide. For example, 
HgS + O: > Hg + SOs t 
2CuS + 302 > 2 CuO -- 250s t 


In some cases, sulphides are converted it to sulphates when heated 
in excess of air. 
ZnS + 202 > ZnSO4 
(3) Reaction with acids. Sv'nhides are decomposed by dilute 
hydrochloric or sulphuric acid with liberation of hydrogen sulphide. 
‘FeS + 2HCI — FeCl, + H:S Î 


With nitric acid, the liberated hydrogen Sulphide is oxidized to 
sulphur. 


8-3, Tests for hydrogen sulphide. (7) Dilute acid test. When 
treated with diluted sulphuric acid, sulphides give out hydrogen 
sulphide which is recognized by its characteristic smell. 


(2) Sodium nitroprusside test. An aqueous solution of a 
sulphide produces a beautiful purple colour with sodium nitroprusside 
solution, Insoluble sulphides are tested by boiling them with excess 
of sodium carbonate solution and treating the filtrate (which 
contains sodium sulphide) with sodium nitropruside solution. 


(3) Silver nitrate or lead acetate test. An aqueous solution of 
a soluble sulphide (or the sodium carbonate extract of an insoluble 
sulphide) gives a black precipitate with silver nitrate or lead acetate. 


NaS + 2AgNOs —-> AgaS} + 2NaNOs 


sodium silver silver sulphide sodium 
sulphide nitrate (black ppt.) nitrate 
(CH3.COO)ePb + Nags —> 2CH3.COONa + PbS } 
lead sodium sodium lead sulphide 
acetate sulphide acetate (black ppt ) 


8-4, . Uses of sulphides. Many natural sulphides are valuable 
sources of the metals contained in them. Zinc sulphide is one of the 
Most important sources. of zinc, and practically all the world’s lead 
is produced from lead siflphide. Mercury sulphide is the only source 
of mercury while sulphides of iron are a source of sulphur and 
‘sulphur dioxide. 

Sulphides find wide application in the dye industry. Many 
sulphides, e.g. zinc sulphide, are used as pigments in paints and 
varnishes. A mixture of sodium and potassium sulphides with lime 
is used to remove the hair from skins. 

Polysulphides, e.g., sodium polysulphide, NagSz (obtained by 
shaking NaS solution with sulphur and then evaporating the 
Mu are used in the manufacture of certain kinds of synthetic 
rubber. 
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Yellow ammonium sulphide, (NH4)sSs, (obtained by passing 
HeS through ammonia solution containing excess of sulphur) is 
used as a reagent in the qualitative analysis for the separation of the 
sulphides of groups IIA and IIB. 

9. Sulphur Dioxide, SO: 

9-1, Sulphur dioxide in nature, Sulphur dioxide is formed: 
in small amounts wherever materials containing sulphur, such as soft. 
coal, coke, or even oil are burned. Hence, traces of sulphur dioxide: 
are found in the air in industrial districts. This pollution is a health. 
hazard because even in very low concentration sulphur dioxide 
aggravates bronchial trouble. Its presence in air also damages 
stonework and plantlife. Grave concern is being expressed about 
the damaging effect of the waste gases from the proposed refinery at 
Mathura (U.P.) on the famous Taj in Agra. 

Sulphur dioxide also occurs naturally in volcanic gases, and in 
some springs of volcanic regions. 

9.2, Preparation of sulphur dioxide, Sulphur dioxide can 
be prepared in the laboratory by the following methods : 


1. By heating concentrated sulphuric acid with copper, when. 
the former is reduced to sulphur dioxide. 
Cu + 2H2SO4 > CuSO4 + 2H20 + SO2t 
2. By the action of sulphuric acid (or, hydrochloric acid) upon 
sodium sulphite or sodium hydrogen sulphite. 
NazSO3 + HeSO4 —> NazSOg + H20 +50: 1 
NaHSO3 + H»S04 > NaHSO, + H20 + $021 


coe sulphuric acid 


| 5 


Fig. 13-11. Preparation of dry sulphur dioxide in the laboratory 
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The gas evolved in the above reactions is collected by upward 
displacement of air. If required, it may be purified by bubbling 
through concentrated sulphuric acid (Fig. 13-11). 


Manufacture. For commercial purposes, sulphur dioxide is 
made by the following methods : 


1. By burning sulphur in air. 
S + Oz > SO2t 


"The resulting sulphur dioxide is mixed with nitrogen etc., of the air, 
but this is not objectionable for most of its applications. 


2. By roasting certain sulphide : res, as FeSa, ZnS, Cus, etc. 
4FeSg + 1102 > 2Fe203 + 8502 f 
2ZnS + 302 > 2ZnO + 2SO2t 


The roasting of sulphide ores to burn away sulphur as sulphur 
dioxide is the first step in the metallurgy of these metals. The 
quantity of sulphur involved in such operations is nearly as much as 
the total production of free sulpbur. 


9-3, Physical properties of sulphur dioxide, (1) Colour 
and odour. Sulphur dioxide is a colourless gas under ordinary , 
conditions with a pungent, choking odour. Probably, the gas reacts 
with the water in the nose and throat linings producing irritating 


H2SOsz. 


(2) Density. Itis about 22 times as dense as air (V.D. of 
air=14°4 of SOg=32). 


(3) Solubility. Sulphur dioxide is very soluble in water, about 
80 volumes dissolving in 1 volume of water at room temperature. 
Hence, the gas cannot be collected over water. 


(4) Liquefaction. Sulphur dioxide is readily liquefied to a 
colourless liquid at room temperature under a pressure of about 2 
atmospheres. Liquid sulphur dioxide boils at —10°C and freezes to 
a snowlike mass at —76°C. 


UST SA 
sulphur dioxide to fume cupboard 


freezing mixture 
liquid 
sulphur dioxide 


Fig. 13-12. Sulphur dioxide liquefies in a freezing 
mixture of ice and salt 
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In the laboratory sulphur dioxide can be liquefied by passing 
it through a tube immersed in a freezing mixture of ice and salt 
(Fig. 13-12). 


(5) Solvent properties. Liquid sulphur dioxide is a good solvent 
for a wide variety of substances, including many salts. Its electrical 
conductivity is about twice that of water, and probably it undergoes 
auto-ionization to a small degree as does water 

SOz + SOs = SO** + SOs?" (autoionization of SOs) 
H30 + H20 = HaO* +. OH™ (autoionization of H30) 
The polar character of the SO molecules also contributes to its 


ability to dissolve ionic compounds, giving solutions of high electrical 
conductivity. 


9-4. Reactions of sulphur dioxide. The important reactions 
of sulphur dioxide may be summarized under the following headings : 


.. l. As an acid anhydride. Sulphur dioxide behaves as a typical 
acid anhydride. It combines with water to give a solution of sul- 
phurous acid, HaSOs. 

H30 + SO» > H2SO3 
It reacts with alkalis giving sulphites (normal salts) and hydro- 
gen sulphites or bisulphites (acidic salts). 
SO» + 2NaOH —> NagSO3 + H30 
SO2 + NaOH — NaHSOs 
Thus sulphur dioxide can be removed from a mixture of non-acidic 
gases by using concentrated solutions of alkalis. 
Sulphur dioxide also directly combine with strongly basic 
oxides to give sulphites, e.g., calcium sulphite, CaSOs, with CaO: 
CaO + SO > CaSOs 
2. As an oxidizing agent. Sulphur dioxide acts as an oxidizing 
agent in many reactions. 
i. It oxidizes hydrogen sulphide to sulphur (and is itself 
reduced to sulphur) provided moisture is present. 
SO» + 2H2S > 2H20 + 3S 


ii, At 1000°C it oxidizes carbon to carbon dioxide. 
SO, + C > CO +S 
This reaction is employed for recovering sulphur from industrial 
flue gases. » 
iii. It permits burning magnesium to continue burning, oxi- 
dizing it into the oxide and sulphide. 


. 3Mg + SOs > 2MgO + MgS 
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Similarly, it oxidizes heated tin, iron, etc., to their oxides and 
sulphides. 


3Fe + SO? > 2FeO + FeS 
Sulphur dioxide oxidizes burning potassium to potassium sulphite, 
K2SO0s, and potassium thiosulphate, K2S20s. 

4K + 3502 > K503 + KeS203 


iv. In the presence of concentrated hydrochloric acid, it 
oxidizes iron (II) chloride to iron (III) chloride. 


4FeClo + 4HCI + SO; + 4FeCls + 2H20 + S 


3. As a reducing agent. Sulphur dioxide is a strong reducing 
agent in aqueous solutions, the essential change being : 


SOs + H30 + [O] > HeSO« 
Or, electronically 
SO» + 2H30 - HS0; + 2H* + 2e- 
Thus, it reduces 
i. halogens to hydrogen halides. 
SO» + 2H30 + Cle > H2SO4 + 2HCI 


Since the hydrogen balides are colourless, sulphur dioxide decolorizes: 
solutions of bromine and iodine. 


SO; + 2H2O + Bre > HoSO4 + 2HBr 
SOz + 2H3O0 + I» > H2SO4 + 2HI 
ii, iron (III) salts to iron (II) salts, 
SO» + 2H30 + 2FeCls > 2FeCl, + H2504 + 2HCI 


iii, acidified potassium permanganate solution (pink) to: 
manganese salts (colourless), y 


2KMn0, + 3H,S0, > K,SO, + 2MnSO, + 3H,0 + 50 
SO, + H,O + O > H,SO,]x 5 


2KMnOg + 2H20 + 5S0? > K2SO4 + 2MnSO4 + 2H2504 


pot, permanganate pot. sulphate mang. sulphate 
[AE AES SY 
pink solution colourless solution 


Or, in the ionic form 
2MnOq~ + 2H20 + 5SO2 — 2Mn?* + 4H* + 58047 


. » (iv) acidified potassium dichromate solution (orange) to chro- 
mium (III) salts (green) 


K,Cr,O, + 4H,SO, > K,SO, + Cr(SO4). + 4H,O + 30 
SO, + H,O + O > H,SO,] x 3 


KeCreO7 + H2SO4 + 3502 > K2SO4 + Cro(SO4)a + H20 


pot. dichromate pot. sulphate chrom. sulphate 
—) oy 


orange solution green solution 
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Or, in the ionic form 
Cra0z?- + 2H* + 380 — 2Cr9* + 3504% + H20 
4. Addition reactions. The normal valency of sulphur is 6. In 


sulphur dioxide, sulphur is tetravalent, and hence the compound 
is unsaturated. It therefore gives several addition reactions : 


i. It adds on oxygen in the presence of suitable catalysts to 
give sulphur trioxide. 


2S0» + Oz = 2503 


ii. It combines with chlorine when the mixture is exposed to 
sunlight forming sulphuryl chloride, SOgCle. 


SO» + Cle + SOgCle 
iii. It combines with heated lead dioxide to give lead sulphate. 
PbO: + SOz — PbSO4 
The valency of sulphur in SO3, SO2Cle, and PbSOg is 6. 


5. Bleaching action. In the presence of moisture, sulphur 
dioxide bleaches vegetable and animal colouring matter, e.g., litmus, 
chlorophyll, etc. Presumably the bleaching effect of sulphur dioxide 
depends upon its reducing action whereby the colouring matter is 
converted into colourless products. The bleached material is slowly 
oxidized back into original form on prolonged exposure to light and 
air, and the colour is restored. 


In certain cases, sulphur dioxide combines with the colouring 
matter to give a colourless addition product. In such a case, the 
colour may be restored by treating the bleached product with 
sulphuric acid. The acid liberates sulphur dioxide from the addition 
product and restores the original colouring matter. 

Addition 
= Colourless addition product 
(SOx 
The original colour of the bleached article also returns on prolonged 
exposure to sunshine. In sunshine, the unstable addition product 
slowly decomposes with the liberation of sulphur dioxide. 

6. With phosphorus pentachloride. Sulphur dioxide reacts with 
phosphorus pantachionce to. form thiony! chloride, SOCl, and 
phosphorus oxychloride, POCIs. , 

\ 
SO; + PCl; + SOCl3 + POCIs 
7. Thermal decomposition. On strong heating or on passing 


electric sparks through it, sulphur dioxide decomposes into sulphur 
and sulphur trioxide 


& 3804 > S + 2503 


Colouring matter + SOg 
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9.5, Tests for sulphur dioxide. (D It has a characteristic 
odour of burning sulphur. 

(2) It decolorises potassium permanganate solution and bromine 
solution. 

(3) It turns acidified potassium dichromate solution green. 

(4) When passed through barium chloride solution containing 
chlorine (or, bromine) water, it produces a white precipitate of 
barium sulphate which is insoluble in all acids. 

BaCl + SOz + 2H20 + Cla > BaSO, | + 4HCI 

9.6. Uses of sulphur dioxide. Chief uses of sulphur dioxide 
are: ` 

1. For making sulphuric acid, sulphites, and hydrogen sulphites. 

2. Asa refrigerent. Because of its low boiling point (— 10°C) 
and its high heat of vaporization (95 calories per gram), sulphur is 
used as arefrigerent. However, due to its corrosive nature when 
traces of moisture are present, it has been largely replaced by 
ammonia and freon, CClaF2. 

3. As a bleaching agent, especially for silk, wool, straw, and 
paper which are attacked by chlorine. The bleaching, however, is 
not permanent and the colour rappears after some time. 


4. Asa preservative for canned fruits such as apricots and 
prunes, because even in small concentrations it prevents fermentation 
and the growth of molds. 

5. In petroleum industry. Liquid sulphur dioxide is used 
extensively in the petroleum industry for refining kerosene and light 
oil fractions. 


6> In preparing paper plup. A solution of calcium hydrogen 
sulphite, Ca(HSOs)s, made by reaction of sulphur dioxide and 
calcium hydroxide, is used in the manufacture of paper pulp from 
. wood. When wood chips are heated in this bisulphite solution, the 
lignin which binds the cellulose fibres together is dissolved, leaving 
these fibres, which are then processed into paper. 


7. As a solvent. Liquid sulphur dioxide is used as a solvent 
for carrying out certain types of reactions. 


9.7. Formula of sulphur dioxide. The molecular formula of 
sulphur dioxide is determined by burning a small piece of sulphur 
in a confined volume of oxygen. After cooling to original tempera- 
ture, it is found that there is no change in the volume of the gas. 
This shows that one volume of oxygen combines with sulphur to 
produce one volume of sulphur dioxide. That is, 

1 volume of sulphur dioxide contains 1 volume of oxygen. 

or, 1 molecule of sulphur dioxide contains 1 molecule of oxygen. 

(By Avogadro's hypothesis) 


or, 1 molecule of sulphur dioxide contains 2 atoms of oxygen. 
(C. oxygen molecule is diatomic.) 
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Hence, the molecular formula of sulphur dioxide is S02. 
Its molecular weight is, therefore, 32x+32. 
The V.D. of sulphur dioxide is experimentally found to be 32. 
Hence, its molecular weight is 2x 3264. 
Equating the two values, 32x+32=64, or, x=1. 
The molecular formula of sulphur dioxide, therefore, is SOs. 
9.8, The structure of sulphur dioxide molecule. Sulphur 
dioxide molecule has a resonating structure involving the two contri- 
buting forms whose electronic formulae are given below : 
oo xx LII oo xx o 
$05SX303 and 202%SKO8 
o<S=0 O=S>0 
The shape of the molecular is angular; the angle O—S—O having 
the value 119°5°. 


10. Sulphurous Acid, H;SO; 
f When sulphur dioxide dissolves in water, it partly reacts with 
it to give a weakly acidic solution of sulphurous acid, H2SO3. 

H20 + SO; @ H2503 
On heating, the equilibrium of this reaction shifts to the left owing 
to the decreased solubility of sulphur dioxide, and the sulphur dioxide 
gradually escapes from the solution. 

Sulphurous acid, H2SO3, is a very unstable compound. It is 
known only in aqueous solutions and cannot be isolated in the anhy- 
drous condition. 

Sulphurous acid is a weak, dibasic acid which ionizes in two 
Steps : 
H2SO3 > H+ + HSO3” (primary ionization) 
HSO3- = H* + SOs?” (secondary ionization) 
The jonization is slight in both stages, but it is much less in the 
secondary stage than in the primary. 

Sulphurous acid forms both normal and acidic salts. Thus, when 
in excess, it reacts with sodium hydroxide forming sodium hydrogen 
sulphite, NaHSOs. 

NaOH + HSO; — NaHSOs + H20 
The addition of another mole of sodium hydroxide give the normal 
sulphite, NagSOs. 
NaOH + NaHSOs —> NaeSO3 + H20 

As an acid, sulphurous acid liberates carbon dioxide from 
carbonates and hydrogen carbonates. 

Na2CO3 + H2503 > NasSOs + H20 + COs t 


Mn 
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and reacts with magnesium forming magnesium sulphite with the 
liberation of hydrogen. 
Mg + H2SO3 > MgSOs + Het 
Sulphurous acid is rapidly oxidized by the atmospheric oxygen 
to the more stable sulphuric acid. 
2HaSOz3 + Os — 2H2SO4 
It, therefore, acts as a reducing agent towards strong oxidizing 
agents in the same way as does sulphur dioxide. Thus, it reduces 
halogens to corresponding hydrogen halides, iron(II]) salts to iron (II) 
salts, permanganate salts to manganese (II) salts, and dichromates 
to chromium (III) salts. 
HeSOg + H20 + Cla > H2SO4 + 2HCI, etc. 
2FeClg + HaSOs + H20 — 2FeCle + H2504 + 2HCI 
2KMnOq4 + 5H2SO3 > KeSO4 + 2MnSO, + 2H2SO4 + 3H20 
KeCraO7 + HaSO4 + 3H2SO3 — KSO; + Cro(SO4)s + 4H20 


Like sulphur dioxide, sulphurous acid is also a bleaching agent. 


Sulphurous acid is tested by the same reactions which are used 
as tests for sulphur dioxide. 


11. The Sulphites 


The normal salts of sulphurous acid are called sulphites. The 
soluble sulphites may be prepared by neutralizing alkali solutions 
with sulphur dioxide. Insoluble sulphites may be obtained by double 
decomposition. The general properties of the sulphites are summari- 
zed below : 

(1) Solubility. The sulphites of only alkali metals are soluble 
in water. Their solutions are alkaline due to hydrolysis. 

NagSO3; + He2O = NaHSOs + NaOH 
sodium sulphite water sodium bisulphite sodium hydroxide 

(2) Action of acids. Dilute sulphuric acid or hydrochloric acid 
decomposes sulphites with the liberation of sulphur dioxide. 


* NagSOs + HsSO4 > Na;SO4 + H20 + SOsf 


: (3) Action of heat. On heating, the soluble sulphites decompose 
into the corresponding sulphides and sulphates. For example, 


A 
4Na2SO3 —- NaoS + 3NaaSO4 


(4) With barium chloride. Soluble sulphites react with barium 
chloride by way of double decomposition forming a white precipitate 
of barium sulphite which is soluble in dilute hydrochloric acid. 

NagSO3 + BaCle > BaSOs | + 2NaCl 


BaSOs + 2HCI -> BaCl; + H3O + SOs f 


—— 
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(5) With silver nitrate. Soluble sulphites react with silver nitrate 
to produce a white precipitate of silver sulphite (double decomposi- 
tion). This precipitate is soluble in dilute nitric acid. 


NagSO3 + 2AgNOs > 2NaNOs + AgeSOs | 
AgeSO3 + 2HNOs > 2AgNOs + H20 + SOs f 


; (6) Reducing properties. Like sulphur dioxide and sulphurous 
acid, the sulphites are also strong reducing agents. They reduce 
halogens to corresponding hydr-acids; decolorise acidified potassium 
permanganate solution; and turn acidified potassium dichromate 
solution green. 

NasSOs + H20 + I2 > NasS04 + 2HI 
These reactions of sulphites serve as tests for their detection. 


11-1. Uses of sulphites, Sulphites of sodium and potassium 
are used : (1) in medicines, (2) as antichlor in bleaching by chlorine, 
(3) as reducing agents, (4) in the preparation of organic chemicals, 
dyes, etc. (5) for treating rubber latex, and (6) in engraving and 
lithography. 

Solutions of sodium and calcium bisulphite are used in making 
would pulp from wood. 


12. Sulphur Trioxide, SO: 


12-1, Preparation of sulphur trioxide, Sulphur trioxide is 
formed in minute quantities when sulphur is burned in air or, oxygen. 
However, this method is not suitable for its preparation. It can be 
prepared by the following methods : 


l. By heating anhydrous iron (II) sulphate. 
2FeSO, — Fe203 + SO» + SOS 


2. By distilling concentrated sulphuric acid with phosphorus 
pentoxide; the latter dehydrates sulphuric acid to sulphur trioxide, 
2H2SO4 + P4019 — 2805 t + 4HPOs 
However, these methods, too, are not of much practical value. 


3. By the catalytic oxidation of sulphur dioxide in the presence 
of platinized asbestos. This method can be employed in the labora- 
tory, and is also used for making sulphur trioxide in the contact 
process for the manufacture of sulphuric acid. 


Pt 
2S02 + O2 = 2803 + 45,200 cal. 


Sulphur dioxide and oxygen are both dried by bubbling through 
concentrated sulphuric acid. The dry gases are passed over platinised 
asbestos* heated to 450—500*C in a hard glass tube (Fig. 13-13). 


*Platinized asbestos is prepared by soaking asbestos in a solution of 
ammonium platinichloride (NH,),PtC),, and then heating is strongly. The salt 
decomposes leaving fine particles of platinum evenly deposited on the asbestos. 
In placo of platinised asbestos, vanadium pentoxide, V,O;, may be used as a 
catalyst. 
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White fumes of sulphur trioxide are produced by the combination of 
sulphur dioxide and oxygen. These are led into an ice-cooled receiver 
fitted with a calcium chloride tube to exclude moisture. Here they 
condense as white transparent crystals. 


platinized asbestos caicium chloride 
tube 


freezing 
/ mixture 
sulphur 
trioxide 


Fig. 13-13. Preparation of sulphur trioxide by the 
catalytic oxidation of sulphur dioxide. 


12.2, Properties and reactions of sulphur trioxide, (1) 
The common form of sulphur trioxide is a silken white, transparent, 
crystalline solid. It sublimes on heating. 


(2) Thermal dissociation, When heated, sulphur trioxide disso- 
ciates into sulphur dioxide and oxygen; the dissociation being 100 
percent at 1000*C, 

1000°C 
2503 = 2S0» + O: 

(3) Combination with water. Sulphur trioxide is very delique- 
scent and for this reason fumes in moist air. The fumes consist of 
extremely fine droplets of sulphuric acid formed by the combination 
of sulphur trioxide and water. Sulphur trioxide combines very 
vigorously and exothermically with water, forming sulphuric acid 
with a hissing sound. 

H30 + SO; > HeSO4 
It is therefore an acid anhydroide. 


4. Acidic nature. Being an acid anhydride, sulphur trioxide 
neutralises alkalis to form sulphates and bisulphates. 


2NaOH + SOs — NaeSO4 + H2O 
NaOH + SO3 — NaHSO, 


.. It combines with strongly basic oxides e.g., calcium oxide, lead 
oxide, etc. to form the corresponding sulphates. 


CaO + SOs > CaSO, ; PbO + SO3 — PbSO4 


| 
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. 9. Combination with sulphuric acid. Sulphur trioxide dissolves 
readily in concentrated sulphuric acid forming pyrosulphuric acid, 
HaS207, also called **oleum" or “fuming sulphuric acid". 

HeSO4 + SOs > H3830; 

6. Combination with hydrogen chloride. Sulphur trioxide 
combines with hydrogen chloride to give an addition product, 
chlorosulphonic acid, Cl.SOs.OH. 

SOs + HCI — CI.SOs.OH (chlorosulphonic acid) 

12-3, Uses of sulphur trioxide, (1) In the manufacture of 
sulphuric acid and oleum. 

(2) As a drying agent for gases. 

12-4, Structure of sulphur trioxide molecule, Sulphur 
a has a resonating structure of three contributing forms given 

elow : 


o (0) fo) 
[ | | 
S S S 
JX a oN 
(010 0) OIO o o 


13. Sulphuric Acid, H,SO; 


By far the most important and widely used compound of 
sulphur is sulphuric acid. Next to the manufacture of iron and steel, 
the manufacture of sulphuric acid is the largest chemical industry 
in the world. 

13-1, Preparation of sulphuric acid, (1) By dissolving 
sulphur trioxide in water. 4 

H20 + SOs > H2504 
(2) By the oxidation of sulphur dioxide in aqueous solution. 

i. By atmospheric oxygen : 
2H30 + 2S0» + O2 > 2H2SO4 

ii. By chlorine or bromine : 

2H30 + SO» + Cla — H3SO, + 2HCI 
iii. By hydrogen peroxide : 

H202 + SO; > H2SO4 

13-2, Manufacture of sulphuric acid. Most of the commer- 
cial sulphuric acid is row produced by the contact process, so named 
because the key step in the process involves contact of sulphur dio- 
xide and oxygen with a catalystto form sulphur trioxide. In small 
quantities, sulphuric acid is manufactured by the older lead chamber 
process, which derives its name from the fact that the main reactions 
are carried out inside large lead-lined chambers. 
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1. The contact process for sulphuric acid, In this process 
highly purified sulphur dioxide is oxidized to sulphur trioxide by 
means of air in the presence of a suitable catalyst. 


280» + Os = 2S0, + heat 


_ The favourable conditions for the maximum yield of sulphur 
trioxide in this reversible, exothermic reaction are : 


(1) Low temperature. The oxidation of sulphur dioxide to 
trioxide is exothermic and therefore favoured by low temperatures. 
However, at low temperatures the reaction velocity is too slow to be 
commercially feasible. Hence, the reaction is carried out at a com- 
promise temperature of about 400°C when about 98 per cent yield of 
sulphur trioxide is obtained. 


(2) High pressure. The combination of sulphur dioxide 
(2 volumes) and oxygen (1 volume) to form sulphur trioxide (2 volumes) 
proceeds with decrease in volume. Hence, it is favoured by a high 
pressure. In practice the process is operated at atmospheric pressure 
because the small improvement in yield hardly justifies the heavy 
capital cost of the special plant that would be required. 


(3) Excess of oxygen. An excess of oxygen (air) ensures com- 
plete conversion of sulphur dioxide into sulphur trioxide. 


(4) The presence of catalyst. The most effective catalyst for 
the conversion of sulphur dioxide to sulphur trioxide is platinum. 
However, it has been largely replaced by vanadium pentoxide, V205, 
which is far less susceptible to poisoning and is much less expensive 
than platinum. 


(5) Purity of the gases. The reacting gases must be very pure 
$0 that the catalyst will work most efficiently. 


The various steps in the contact process are : 


d. Production of sulphur dioxide by burning sulphur (or a 
sulphide ore) in air in special rotary type burners. 


S + O2 > SO: t 
4FeSe + 1102 + 8SO» t + 2Fes0s 
2ZnS + 302 > 280a 4 + 2Zn0 


ii. Purification of gases. The mixture of sulphur dioxide and 
air from the burner is purified by passing it successively through a 
dust precipitator, scrubber filled with quartz pebbles over which water 
drips, drying tower containing quartz pebbles over which trickles a 
constant stream of concentrated sulphuric acid, and arsenic purifier 
containing moist iron (III) hydroxide on a number of shelves which 
absorbs any arsenic oxide (catalytic poison) present in the gases. 
The gases are then led into a testing box or Tyndall box where they 
are tested for the complete absence of colloidal solid impurities by 
making use of Tyndall effect. 
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In modern plants sulphur dioxide is produced exclusively by burning pure 
American sulphur in purified air. The resulting gases do not need any further 
purification. The modern plants, therefore, do not have any purification units. 


. iti, Oxidation of sulphur 
dioxide. The mixture of purified 
sulphur dioxide and air is led 
through a preheater into the 
contact tower, also called the con- 
verter. It is a cylindrical iron tower 
containing the catalyst packed in 
vertical iron pipes (Fig. 13-14). 
Since the reaction 

280» + Os > 2805 


is highly exothermic, the catalyst 
is heated externally only in the 
beginning to about 400°C. Subse- 
quently, the external heating is Fig. 13-14. The converter. 
discontinued; this temperature 

being maintained by the heat evolved in the reaction itself. 


iv. Absorption of sulphur trioxide in concentrated sulphuric acid. 
The sulphur trioxide vapour mixed with oxygen and nitrogen enters 
the absorption tower. The tower is packed with pieces of quartz over 
which 98 per cent sulphuric acid trickles down from the top. 
Sulphur trioxide dissolves in sulphuric acid forming oleum or pyro- 
sulphuric acid, HaS207. 

HaSO4 + SOs > H$8307 

The waste gas, mainly nitrogen, escapes out the absorption tower. 

v. Addition of water to pyrosulphuric acid. A calculated quan- 
tity of water is added to the pyrosulphuric acid to obtain sulphuric 
acid of any desired strength. As is clear from the equation, 


H2S207 + H340 —> 2H3804 
the addition of one mole of water to one mole of pyrosulphuric acid 
gives two moles of sulphuric acid, 


A diagrammatic sketch of the contact process is given in 
Fig. 13-15. 


water conc. arsenic testing conc. 

H,SO ifier box H,SO 

iu qi cet iba Por TT = a 
= pchamber nitrogen 


Cooling pipes —_, 
steam — 


sulphur p- 
burner 


moist Fe(OH), pre-healer 


Fig. 13-15. Manufacture of sulphuric acid by the contact process, 
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2. The lead chamber process for sulphuric acid.This pro- 
cess is employed for manufacturing sulphuric acid for such applica- 
tions which do not require pure or concentrated acid. The process 
essentially consists in oxidizing sulphur dioxide by nitrogen dioxide, 
in the presence of water. 

H20 + SO; + NOs > HeSO4 + NO 
The resulting nitric oxide then combines with the oxygen of air to 
form more nitrogen dioxide, which is used again. 
2NO + 0i 2NOz 
Thus, nitric oxide acts as an ‘oxygen carrier’. It takes up oxygen 
from the air and delivers it to sulphur dioxide for oxidation. 

Concentrated sulphuric acid is used to dissolve the oxides of nitrogen so 
that they would not escape However, part of these oxides is lost in practice 
calling for a continuous fresh supply. 

Working. A diagrammatic sketch of the plant used is given 
in Fig. 13-16. It consists of the following parts :. 

(1) Burners. Sulphur dioxide is produced by burning sulphur 
or by roasting iron pyrites in firebrick burners in a current of air 

i S + Oz > SO; 

* 4FeSa + 1102 > 2Fe20s + 880; 
The burner gases contain about 8 per cent sulphur dioxide, 10 per 
cent oxygen, and the rest nitrogen. ` 


(2) Nitre pots. The hot gases from the burners pass around 
the nitre pots in which oxides’ of nitrogen are produced by heating 
sodium nitrate (nitre) with concentrated sulphuric acid. 

NaNO; + H2504 + NaHSO, + HNOs 
! 2HNO3 > H20 + NO + NO; + Os 

In modern plants, the oxides of nitrogen are supplied by the 

catalytic oxidation of ammonia. 
4NH3 + 50$ > 4NO + 6H20; 
2NO + Og > 2NOg 

(3) Glover tower. The mixture of sulphur dioxide, air, and 
the oxides of nitrogen enters the bottom of the Glover tower in which 
dilute chamber acid and nitrated acid containing dissolved oxides of 
nitrogen flow down over lumps of quartz. The followig changes 
occur in the Glover tower : 

(i) The hot gases are cooled down to about 60°C. 


(ii The heat of the gases evaporates water from the dilute 
chamber acid. It is thereby concentrated from 65 per cent to about 
80 per cent strength. 

. iii) The nitrated acid decomposes and the oxides of nitrogen 
dissolved in it are set free. Here, they are used again as ‘oxygen- 
carrier’. 


.... 2NO.HSO, -+ H0 - 2H$S0,. + (NO + NOs) 
nitrated sulphuric acid water sulphuric acid oxides of nitrogen 
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E (iv) A part of the sulphur dioxide is oxidized to sulphuric 
acid. 
SOz + H20 + NOs > H2504 + NO 

(4) Lead chambers. Sulphur dioxide not oxidized in Glover 
tower, oxides of nitrogen, and excess air enter a set of two or four 
interconnected lead chambers supported on wooden frames in which 
steam is blown in from the top. Here sulphuric acid is formed by 
the changes represented by the following equations : 


2NO + Os > 2NO2 

SOs + NO: > SOs + NO 

HO + SOs > H2504 
The acid from the chambers collects in a common receiver. This acid 
is called the ‘Chamber acid’. A part of itis pushed by compressed 
air to the top of the Glover tower and the rest is removed for concen- 
tration, 

The strength of the chamber acid is kept below 70 per cent by 

regulated supply of water as stronger acid attacks lead and also 
absorbs the oxides of nitrogen. 


(6) Gay-Lussac Tower. The gases escaping from the last " 


chamber contain mainly the oxides of nitrogen and air. These are 
sent up the Gay-Lussac tower to recover the oxides of nitrogen. It is 
a cylindrical brick tower lined with sheet lead and is packed with 
coke. The concentrated sulphuric acid from Glover tower forced by 
compressed air to the top of Gay-Lussac tower slowly trickles down 
over coke. It meets the ascending gases and absorbs the oxides of 
nitrogen forming nitrosyl sulphuric acid (nitrated acid). 


2H9SO4. + (NO + NO) > 2NO.HSO,. + HO 
sulphuric acid oxides of nitrogen nitrosyl sulphuric acid 
The nitrated acid is forced to the top of the Glover tower and 
allowed to trickle down. Here it gets diluted with the dilute chamber 
acid and loses the dissolved oxides of nitrogen. 


nitrated acid, lead chamber nitrated acid 


Gay-Lussac's 
tower 


pyrites or tower acid & 
sulphur burners 


Fig. 13-16. Manufacture of sulphuric acid by the lead chamber process. 


nitrated acid 
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(7) Chimney (not shown). The waste gas from Gay-Lussac 
tower escapes through a chimney at one end of the plant. The 
chimney maintains a draught to keep the gases circulating through. 
the plant. 


The acid from the chamber process contains 60 to 70 per cent 
sulphuric acid and, in contrast to the relatively pure acid produced. 
by the contact process, is impure with lead, iron, and arsenic. It may 
be concentrated to 77 per cent by heating in lead pans (the dilute 
sulphuric acid forms a protective coating of lead sulphate which 
begins to dissolve as lead hydrogen sulphate when the concentration 
of the acid reaches 77 per cent). Further concentration may be 
done by evaporation in vessels of silica or duriron (an alloy of iron. 
and silicon) and up to 93 per cent sulphuric acid may be obtained. 


13-3. Comparison between chamber process and contact 
process 


The Chamber Process 


Oxidation of sulphur dioxide 
by nitrogen dioxide. 


SO, + NO, + SO, + NO 


Comparison The Contact Process 


Oxidation of sulphur dioxide: 
by atmospheric oxygen. 


280, + O, > 280, 


. Principle 


Oxides of nitrogen which are 
cheap and immune to poison- 
ing. These are produced by 
heating nitre with concentrated 
sulphuric acid or by the catalytic 
oxidation of ammonia. 


Platinum catalysts which 
are costly and highly sus- 
ceptible to poisoning. 
Vanadium pentoxide is 
cheaper and much less 
susceptible to poisoning 
but also less effective than 
platinum catalysts. 


. Catalyst 


The acid obtained is impure. 
It is about 78 per cent strong. 


, Purity and 
strength of 
the acid 


Low; because of inexpensive 
catalyst and ordinary super- 
vision. 


Used for processes where 
impurities in the acid do not 
matter, e.g., in the manufacture 
of fertilisers, alums, etc. 


. Cost of pro- 
duction 


, Use of the 
acid 


Pure acid of any desired 
concentration (upto 100 
per cent) is obtained. 


High; because of expensive 
catalyst and expert supervi- 
sion required. 


Used for processes where 
high purity of the acid is 
essential, e.g., manufacture 
of dyes, drugs, explosives, 


nitrocellulose, etc. 


13-4. Physical properties of sulphuric acid, ( 1) Pure 
sulphuric acid is a colourless, oily liquid. Its specific gravity is quite 
high, 1°84 at 15°C. It freezes at 10°4°C to form colourless crystals, 


(2) When heated to boiling, it fumes owing to the decomposi- 
tion of a small portion of the acid into water and sulphur trioxide 
(H2SO4 > H20 + SOs). More sulphur trioxide is lost than water 


7 
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until the concentration of the acid is reduced to 98°33 per cent. The 
acid of this concentration boils at 338°C without further change in 
concentration. 


(3) Pure acid is a poor conductor of electricity but in aqueous. 
solutions, it is a good conductor of electricity. 


(4) It is soluble in water in all proportions. Much heat is 
evolved when it dissolves in water. If equal volumes of the acid and. 
water are mixed at ordinary temperature the solution attains a tempe- 
rature of 120°C. Hence, the acid should be diluted by pouring it 
slow:y into water with. continuous stirring. In this way, the heat 
evoived is distributed unformly. The water must not be added to 
the concentrated acid as it will be suddenly converted into steam. 
causing dangerous splattering of the acid. 


(5) Pure sulphutic acid is hygroscopic, i.e., it absorbs moisture. 
Thisis why, the volume of the acid increases after long exposure to: 
moi! air. 

13-5, Reaction of sulphuric acid. (1) Thermal decomposition. 
When dropped on heated pumice stone, sulphuric acid decomposes- 
into water vapour, sulphur dioxide, and oxygen. 

2H$S0, — 2H30 + 2S0: + Oo 

(2) Combination with sulphur trioxide. Concentrated sulphuric: 

acid dissolves sulphur trioxide forming pyrosulphuric acid, HgHgOy. 
HaSO4 + SOs — H3820; 

(3) As a dehydrating agent. Concentrated sulphuric acid has 
great affinity for water. The heat evolved when it dissolves in water 
is the heat of the reaction between sulphuric acid and water forming 
the hydrates of the formulae HoSO4.H30, H3S04.2H430, and 
H2SO4.4H30. Because of its great affinity for water, concentrated 
sulphuric acid acts as a powerful dehydrating agent. Thus, it 
dehydrates 


i. formic acid, H.COOH, to carbon monoxide, CO; 
H.COOH + [H504] + CO 4 + [H2SO4 + H20] 
ii. oxalic acid, CgHaO4, to a mixture of carbon monoxide and 
carbon dioxide; 
C3H$04 + [H2SO4] ^ CO + CO» + [H3SO4 + H20] 
P iii. sugar, Cı2H22011, to a charred mass of amorphous carbon;, 
an 
Ci2Hg3011 + [H2S04] > 12C + [HaSO4 + 11H30] 


iv. paper and cloth to charred mass of carbon; these substances 
consist of cellulose, CgN1905, which is dehydrated to give amorphous 
carbon. 4 


CgH3905 + [H9SO4] > 6C + [H2504 + 5H30] 
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Concentrated sulphuric acid spilled on the skin causes painful 
burns due to dehydration and the accompanying heat, unless the acid 
is immediately washed off with plenty of water. 


(4) As an acid. Sulphuric acid almost completely ionizes in 
solution in two stages as follows : 


HaSO4 = H+ + HSO47 
HSO4' = H* + SO,?- 
In dilute solutions sulphuric acid undergoes almost complete primary 


ionization, the secondary ionization is less complete. Dilute sulphuric 
acid gives all reactions typical of acids : 


i. With active metals (above hydrogen): 
Mg + H2SO4 > MgSO, + Het 
Zn + HS0; > ZnSO4 + Hot 
ii, Neutralization of alkalis : 
NaOH + H3SO, > NaHSO, +H 0 
2NaOH + H2SO4 > Na»SO4-4-2H50 
iii With basic oxides : 
CuO + H2SO4 > CuSO4 + H20 
iv. With carbonates and hydrogen carbonates : 
MgCOs + H2S04-> MgSO, + H20 + CO2 4 
NaHCOs + H:S04 > NaHSO, + H20 + CO: t 
Jt may be noted that when concentrated, H2SO4 is, covalent 


and metals will not liberate hydrogen from it since H+ ions are not 
present, 


(5) As a high-boiling acid. Being a strong acid with a relatively 
high boiling point, it displaces equally strong acids with lower boiling 
points when heated with their salts. Hydrochloric acid and nitric 
acid are thus prepared by heating chlorides and nitrates respectively 
with concentrated sulphuric acid. 


A 
NaCl + HeSO, ——> NaHSO, + HCl 4 


A 
KNO; + H;$0, —— KHSO, + HNO; t 


(6) As an oxidizing agent. Sulphuric acid acts as an oxidizing 
agent, especially when concentrated and hot. The hot, concentrated 
sulphuric acid will oxidize. 


i. carbon to carbon dioxide and sulphur to sulphur dioxide : 
A 
C + 2H$S04 ——> 2H20 + 2805 + COst 
A 
S + 2H2SO, — 2H20 + 38044 
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. . ii hydrogen bromide to bromine and hydrogen iodide to 
iodine; 
2HBr + H3SO4 > 2H30 + SO» + Bra 
2HI + H9S0, > 2H30 + SO» + Io 


iii. and metals below hydrogen in the activity series, e.g. copper 
and silver, to their sulphates, 


^ 
Cu + 2H2SO4 ——> CuSO, + 2H20 + SO2t 


A 
2Ag + 2H3804 ——> AgsSO4 + 2H20 + S021 
In all these reactions sulphuric acid is reduced to sulphur dioxide 
(H2SO4 > H30 + SOg + O). 


(7) As a sulphonating agent. Concentrated sulphuric acid 
reacts with aromatic compounds in such a way that a hydrogen 
atom is replaced by —SOs.H group. This reaction is called sulpho- 
notion. Thus, sulphuric acid reacts with benzene and converts it into 
benzenesulphonic acid. 

C; Hg T HeSO4 P: CsHs.SOsH + H30 

benzene benzenesulphonic acid 

(8) With the salts of lead and barium. When added to the 
solutions of the salts of lead and barium sulphuric acid precipitates 
the corresponding sulphates, 


Pb?* + HaSO4 > PbSO, } + 2H* 
Ba?* + HaS04 -> BaSO, $ + 2H* 


13-6, Tests for sulphuric acid, (1) When heated with 
copper, concentrated sulphuric acid gives off sulphur dioxide which is 
recognized by its smell and other tests. 

(2) When heated with sodium chloride, it liberates hydrogen 
chloride. This is recognized by the dense white fumes produced in 
contact with a glass rod moistened with ammonium hydroxide. 

(3) It gives a white precipitate of barium sulphate with barium 
chloride solution and of lead sulphate with lead nitrate solution, 
These precipitates are insoluble in concentrated hydrochloric or nitric 
acid. 

13-7. Uses of sulphuric acid, The major uses are : 

(1) In the manufacture of fertilisers suchas ammonium sulphate, 
superphosphate of lime, and soluble phosphatic fertilizers. 

(2) In the manufacture of chemicals, e-g., hydrochloric acid, 
nitric acid, phosphoric acid, metal sulphates, ether, etc. 

(3) In the production of dyes, drugs, disinfectants, perfumes, etc. 
from coal tar by sulphonation and dehydration reactions. 

(4) In the refining of petroleum to remove sulphur and tarry 
compounds from gasoline and kerosene. 
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(5) In the manufacture of explosives such as nitroglycerine, 
trinitrotoluene (T.N.T.), picric acid, ete., by acting as a dehydrating 
agent, 

(6) In metallurgical operations, e.g., in the extraction of copper 
and purification of gold. 

(7) In the pickling of steel (i.e., removal of the oxide film) 
before coating it with tin, zinc, or enamel. 

(8) In lead storage batteries, 

(9) In the manufacture of miscellaneous articles, e.g., paints, 
pigments, lacquers, plastics, photographio films, cellophane, paper, 
glue, and other innumerable articles ot commerce. 

(10) In the laboratory as an analytical reagent, dehydrating 
agent, and drying agent. Oleum is used in sulphonation reactions. 


13-8. Structure of sulphuric acid molecule. The valence 
electronic formula and the structural formula of sulphuric acid mole- 
cule are given betow : 


H—0—$—0—H 


14. Sulphates 


Being a dibasic acid, sulphuric acid forms both normal salts 
called the sulphates, such as NagSO,, and acidic salts called the 
hydrogen sulphates or bisulphates, such as NaHSOa. 


The normal sulphates of batium strontium, calcium, and lead 
are only very slightly soluble in water. These are found in nature as 
the minerals barytes, BaSO4; celestine, SrSO4; gypsum, CaSO. 2H30; 
and anglesite, PDSO4. These can also be prepared in the laboratory 
by ionic combination, e.g., 

Ba?* + SO4?- + BaSO, 

Other sulphates and all bisulphates are soluble in water and, 
therefore, do not occur in nature. Among the important soluble 
sulphates are Glauber's salt, Na?SO4 10H20; Epsom salt, MgSO,. 
7Ha0; blue vitriol, CuSO4.5H30; white vitriol, ZnSO4.7H30, and 
green vitriol, FeSQ4.7H20. The soluble sulphates can all be prepared 
by the action of sulphuric acid on metals, their oxides, hydroxides, 
carbonates, and other salts of volatile acids. 

14-1. General properties of sulphates. (7) Solubility in 
Water. Strontium sulphate and barium sulphate are soluble in water. 
Sulphates of silver and calcium are only sparingly soluble in water. 
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(2) Action of heat. Sulphates are generally stable towards heat. 
The sulphates of certain heavy metals decompose on strong heating 
giving off (a) a mixture of sulphur dioxide and oxygen, or (b) a 
mixture of sulphur dioxide and trioxide, or (c) only sulphur trioxide. 
In each case, the residue of the metallic oxide is left behind. 

2MgSO, > 2MgO + 2SO2 ^ + Ogt 
2FeSO, — Fe2O3 + SOs t + SO; t 
Fes(SO4)s > Fe3O3 + 3SO3 f 

(3) Formation of hydrates and double salts. The sulphates of 
bivalent metals—magnesium, zinc, cadmium, iron, cobalt, and nickel, 
crystallise with 7 molecules of water of crystallisation. These sul- 
phates are isomorphous with one another. They form double sulphates 
with the sulphates of alkali metals and with ammonium sulphate, 
These double sulphates, e.g., FeSO4.(NHa)sSO4.6H»30, crystallise with 
six molecules of water and are isomorphous with one another. 

The sulphates of. trivalent metals—aluminium, chromium, and 
iron—íorm double sulphates with the sulphates of alkali metals 
and with ammonium sulphate. These double sulphates, e.g., 
K3SO4.Al«(SO4)s.24H3O are called alums. They crystallise with 
24 molecules of water and are isomorphous with one another. Some 
other alums are— 

(NH4)2S04.Alo(SO4)3.24H2O (Ammonium alum) 
KeSO4.Crg(SO4)3.24H20 (Chrome alum) 

(4) Reduction. When strongly heated with charcoal, the metal 

sulphates are reduced to the corresponding sulphides. For example, 
NagSO4 + 4C — NasS + 4CO 

(5) Reactions of the sulphate ions. The soluble sulphates give 
white precipitate of lead sulphate with lead salts solutions arid of 
barium sulphate with solutions of barium salts. These reactions are 


due to the sulphate ion, SO4*. 
BaCle + NazSO4 > BaSO4 | + 2NaCl 


or Ba?* + S04% + BaSO,| 
Pb(NOs)s + MgSO — PbSO, 4 + Mg(NOs)a 
or Pb?* + SO4?5 > PbSO41 


14-2. Tests for sulphates, (1) Aqueous solutions of soluble 
sulphates give a white precipitate of barium sulphate with barium 
chloride solution; the precipitate is insoluble in all acids. Insoluble 
sulphates may be tested by preparing their sodium carbonate extract 
which contains the soluble sodium sulphate. 

(ii) The fused mass obtained by fusing a sulphate with sodium 
carbonate in a charcoal cavity, produces a violet colour with sodium 
nitroprusside solution. This is due to the formation of sodium 
sulphate and then its reduction to sodium sulphide. 

MgSO, + Na2CO3 > MgCOs + Na2SOz 
NagSOq + 4C > NaeS + 4CO 4 
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15. Thiosulphuric Acid, H:8:O, 

Sulphites are slowly oxidized to sulphates, and sulphurous acid 
to sulphuric acid by oxygen. Sulphur plays a role similar to that of 
oxygen by converting sulphites to thiosulphates. Thus, when a solu- 
tion of sodium sulphite is boiled with sulphur for a considerable time, 
it changes to sodium thiosulphate, NagS2Oz. 


A 
‘NagSOs + S — NazS203 

When a solution of sodium thiosulphate is acidified with very 
dilute sulphuric acid, thiosulphuric acid is formed in solution. It is 
an unstable compound and slowly decomposes into sulphur, sulphur 
dioxide, and water. 

NagS2O3 + 2HCI > H2S203 + 2NaCl 
HeS203 > S + SOa+ H0 

16. Sodium Thiosulphate, Na2S20s 

This is the most important salt of thiosulphuric acid. As 
described earlier it is prepared by boiling sodium sulphite solution 
with flowers of sulphur until the solution is no longer alkaline. 

NaSO3 + S — Na2S203 

The excess sulphur is filtered off. The filtrate is evaporated to 
crystallization when crystals of sodium thiosulphate, NasSgOs 5H20, 
are deposited on slow cooling. 

16.1. Properties and reactions of sodium thiosulphate. 

(i) Itis a colourless, efflorescent crystalline substance extremely 
soluble in water. It has a tendency to form supersaturated solutions.* 

(ii) Action of heat. When heated, sodium thiosulphate 
decomposes to give sulphur, sulphur dioxide, and hydrogen sulphide. 

(iii) Action of acids. lt is decomposed by acids with the 
evolution of sulphur dioxide and slow precipitation of sulphur. 

NagS2O3 + 2HCI > 2NaCI + H20 + S4 + SOzt 

(iv) Action with. silver. nitrate. Witha very dilute solution of 
sodium thiosulphate, silver nitrate gives a white precipitate of silver 
thiosulphate which rapidly changes to yellow, brown, and finally 
due to the black formation of silver sulphide 

NaoSaO3 + 2AgNOs —-» AgaS203 } + 2NaNOs 


sodium silver silver thio- sodium 
thiosulphate nitrate sulphate (white) ^ nitrate 
AgaS203 + HO ~> AgeS} + HeSO4 
silver thiosulphate silver sulphide 
(white) (black) 


*When crystals of sodium thiosulphate are heated in a clean test tube, 
they melt to form a clear solution. If the mouth of the test tube is loosely 
plugged with cotton to prevent the entry of dust particles, no crystallization 
occurs On carefulcooling. This solution is a supersaturated solution of sodium 
thiosulphate formed in its own water of crystallization. _If a small crystal of 
sodium thiosulphate is added, crystallization occurs rapidly, and the solution 


soldiifies. 
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(v) Action with silver halides. Solutions of sodium thiosulphate 
dissolve silver halides forming the soluble complex salt, sodium 
argento-thiosulphate. Hence, it is used as a fixing solution in photo- 
graphy for dissolving out unchanged silver halide. 


AgBr + 2NagS:O2 > Nas[Ag(S4O9)4] + NaBr 
silver sodium sodium argento- odium 
bromide thiosulphate thiosulphate bromide 


(vi) Action with barium chioride. 1n moderately concentrated" 
solutions, sodium thiosulpaate interacts with barium chloride to give 
a white precipitate of barium thiosulphate. 


Na2S203 + BaCle > BaSgO0g 4 + 2NaCl 
(vii) Action with ferric chloride. Solutions of sodium thio- 
sulphate give a temporary purple coloration with ferric chloride due 
to the formation of ferric thiosulphate in a reversible reaction. 
3Na28903 + 2FeCls = Fe»(S3O3)s + 6NaCl 


The purple coloration soon disappears due to the reduction of ferric 
chloride to ferrous chloride by sodium thiosulphate. This shifts the 
equilibrium to the left. 


FeCl, — FeCl, + Cl]x2 
2Na,S.0; + 2Cl > Na;S,0, + 2NaCI 
2FeCls + 2NaaS203 — 2FeCla + NasS40e + 2NaCl 


(viii) Action with halogens. (a) Sodium thiosulphate is oxidized 
by chlorine or bromine to sodium sulphate. 
Cl, + H,O + 2HCI + O 
Na,8,0; + O -> NaSO, + S 


NaaS203 + Cle + H0O —> Na9SO4 + 2HCI + S4 


(ix) Iodine solution oxidizes sodium thiosulphate to sodium 
tetrathionate, NagS4Og, and is itself decolorized due to the formation 
of sodium iodide. 

2Na2S203 + l2 ——> NaS4Os + 2Nal 


sodium thiosulphate sodium tetrathionate 


16-2. Uses of sodium thiosulphate. (1) In photography as a 
fixing solution to dissolve from the plate or film any silver halides 
which have not been reduced to metallic silver by the developer. 
When used for this purpose, it is commonly known as 'hypo'. 


(2) In the metallurgy of gold and silver.. 


: (3) As an antichlor for removing excess chlorine in the bleach- 
ing of textiles, paper pulp, etc. 

(4) In the laboratory for the quantitative estimation of iodine 
solutions. 


(5) In certain medicinal preparations. 
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16-3, Tests forthiosulphates, (i) Action of acids. When 

. treated with dilute hydrochloric or sulphuric acid, thiosulphates give 

off sulphur dioxide and simultaneously depositing pale-yellow particles 
of sulphur. 


(ii) Action of silver nitrate. When a dilute solution of a 
thiosulphate is treated with silver nitrate solution, a white precipitate 
is formed which rapidly changes to yellow, brown, and finally black. 


(iii) Action of barium chloride. Moderately concentrated 
solutions of a thiosulphate and barium chloride interact to give a 
white precipitate of barium thiosulphate. 


(iv) Action of ferric chloride solution. Addition of a few drops 
of ferric chloride solution to a thiosulphate solution produces 
momentary purple coloration. 


(v) Action of iodine solution. The brown colour of iodine 
solution is rapidly discharged by a thiosulphate. 


(vi) Action of heat. When a thiosulphate is heated alone, it 
gives out sulphur dioxide and hydrogen sulphide with the formation 
of a pale-yellow sublimate of free sulphur. 


17, Distinctive Tests for Sulphides, Sulphites, 
Sulphates, and Thiosulphates 


Thiosulphate 


1. Dil. acids. given | SO, given | No action SO, given off, 
ms turns E turns pale yellow ppt. 
lead acetate pot. dichro- of sulphur formed 


paper black. | mate green. 


2. BaCl, No action White ppt. White ppt. of 
soln. of Os. BaS,Os, soluble 
soluble in in dil; HNO,. 
dil HNO}. 
3. AgNO, Black ppt. of | White ppt. | No action White ppt. of 
soln. Ag,S soluble | of Ag;SOs Ag:S,0s changing 
in HNOs. soluble in to yellow, brown, 
3 and then black. 
4. FeCh Black ppt. Dark red | No action Purple coloration 
soln. colour. 
5. *Acidified | Decolorized | Decolorized | No action Decolorized 
KMn0O, 
6. Jodine No action Decolorized | No action Decolorized 


solution, 
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Questions 
1. Explain the reason why— 


(1) sulphur shows valency of +2, +4, and +6, while oxvgen is never more 
than divalent, 


Fre (2) metal oxides contain the ion O'7; metal sulphides are never more than 
4 ionic, 


(3) solid sulphur has rather a iow melting point, and 


(4) with rise in temperature, the viscosity of molten sulphur first increases 
and then decreases. 


2. Justify the position of sulphur in the periodic table. 


3. (a) Arrange the hydrides PH,, H,O, H,S, H,Se, and HCI in the 
increasing order of acidic nature. 


f (b) Arrange the elements oxygen, sulphur, and sel»neium in. the order of 
increasing oxidizing strength, 


1 (c) Arrange the oxides POs, SOs, and ClO, io the order of increasing 
acidic strength. 


, (d) Arrange the elements sulphur, selenium, and tellurium in the order of 
increasing metallic character. 


4. (a) The transition temperature between rhombic sulphur and monoclinic 
sulphur is 95°6°C. What does this statement signify ? 


(b) What is the unit in the crystals of rhombic sulphur and monoclinic 
sulphur ? Draw the structure of the unit. 


(c) Describe the structure of mu-sulphur and on the basis of it account for 
the viscosity and colour of this allotrope. 


(d) Name the allotrope of sulphur which is insoluble in carbon disulphide. 
How is it formed ? Describe its structure. 

5. Describe the extraction of sulphur by Frasch process. 

6. (a) Describe and explain the changes which occur when sulphur is 
heated out of contact with air. 


(b) Describe the reactions of sulphur with hydrogen, chlorine, sulphuric 
acid, nitric acid, and sodium hydroxide solution, 


(c) List the principal uses of sulphur. 


7. (a) How is hydrogen sulphide usually prepared in the laboratory ? In 
kipp's apparatus ? 


(b) Describe the chemical reactions of hydrogen sulphide as an acid, as a 
reducing agent, and as an analytical reagent in qualitative analysis. 


8. (a) How is sulphur dioxide usually prepared in the laboratory. 


(b) Describe the reactions of sulphur dioxide as an acid anhydride, as an 
oxidizing agent, and as a reducing rcagent. 


(c) Explain the bleaching action of sulphur dioxide. 
(d) List the main uses of sulphur dioxide. 
(e) Write down the electronic formula of sulphur dioxide. 
9. (a) How is sulphur trioxide prepared in the laboratory ? 
(b) Give four chemical reactions of sulphur trioxide. 

, (c) Write down the structure of sulphur trioxide. 
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10. (a) Discuss the physico-chemical principles underlying the manufacture 
of sulphuric acid by contact process, 


(b) Illustrate with suitable examples the reactions of sulphuric acid as a 
dehydrating agent, as an oxidizing agent, and as a sulphonating agent (give only: 
one example for each role). 


(c) List the main uses of sulphuric acid. 
(d) Write down the electronic formula of sulphuric acid. 
11. (a) How is sodium thiosulphate prepared. Give its reactions with acids, 
silver nitrate, silver halides, chlorine, iodine and ferric chloride. 
(b) What are the main uses of sodium thiosulphate ? 


(c) Give three tests for distinguishing between sulphides, sulphites, sulpha- 
tes and thiosulphates. 


Key 
3. (a) HCI>H,Se>H,S>H,0> PH, 
(6) O>S>Se 
(c) Cl,O,>SO,>P,0, 
(d) Te>Se>S 


„4. (a) The statement signifies that at 95°6°C, the two forms are in a state 
of equilibrium : 


95°6° 
rhombic ** S monoclinic 
When rhombic sulphur is heated to 95'6"C, it is changed, without melting, to the 


monoclinic form, If the latter, on the other hand, is cooled, the reverse change 
occurs. 


(b) The unit in both types of crystals is the same—eight membered ring 
of sulphur atoms, S, (structure as shown in Fig. 13-4). 


(d) The allotrope of sulphur insoluble in carbon disulphide is plastic 
sulphur. 
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The Transition Elements 
(Iron, Copper, Zinc) 


The elements in whose atoms electrons are added to the d-sublevel 
of the penultimate (i.e., outermost but one) shell to fill it from 
(n—1) d through (n—1) d10 configuration are called d-bloc ele- 
ments. These are also called the transition elements because they 
represent sort of transition between the s-block elements to their 
left and the p-block elements to their right in the periodic table, 
Since the d-sublevel contains +a maximum of 10 electrons, there 
are ten d-bloc or transition elements (atomic numbers 21-30, 
39-48, 57 and 72-80) in each of the periods 4, 5, and 6, and one 
element (number 89 in period 7). In their outermost shell these 
atoms usually have two electrons, and seldom one. Thus, the 
electronic configurations of their outer two shells may be repre- 
sented as (n—1) d1710, nl 3. 


Inthis chapter we shall study in particular the elements iron, 
copper, and zinc of the first series of transition elements (numbered 
21-30). These elements are not only among the most common and 
familiar metals, but are also of much practical significance. 


1. Iron, Copper, and Zinc in the Periodic Table 


The position of these elements may be discussed under the 
following headings : 


1. Electronic coniiguration. The elements iron, copper, 
and zinc belong to the first series of transition elements. This series 
consists of ten successive elements in the fourth period, from scan- 
dium to zinc inclusive, in which the number of electrons in the 3d 
sublevel increases almost regularly from eight to eighteen*. 
(Table 14-1), Except the elements chromium and copper, all others 
in the series have 2 electrons in their outermost 4s level. 


x *The two exceptions are Cr and Cu, where one of the 4s? electrons moves- 
into the 3d sublevel, because of the additional stability when thed orbitals are 
exactly half filled or completely filled (See rule 4 governing the build up of atoms, 
Chap. 1, Sec. 15, page 29. 


(137) 


A 
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Table 14-1 Electronic configuration of the transition 
elements of first series 
Element Symbol At. No. Electronic configuration 
1, Scandium Sc 21 1s?, 25?2p?, 35*3p*3d', 45? 
2. Titanium Ti 22 15?, 25?2p*, 35?3p*3d*, 45? 
3, Vanadium v 23 1s?, 25*2p*, 35?3p*3d*, 45* 
4. Chromium Cr 24 152, 2s12p°, 35°3p%3d5, 45! 
5. Manganese Mn 25 1s?, 25*2p®, 35?3p*3d5, 45? 
6. Iron Fe 26 Is, 2522p*, 3523p*3d*, 45% 
7. Cobalt co 27 152, 2512p*, 35?3p*3d', 4s? 
8. Nickel Ni 28 15?, 25?2p*, 35?3p*3d5, 45? 
9. Copper Cu 29 1s?, 25?2p?, 3513p*3d!5, 4s! 
10, Zinc Zn 30 Is*, 25*2p*, 35?3p*3d!^, 45 


2, Similarities in properties. In general, the transition 
elements have an ns? configuration in the outermost energy level, 
while the penultimate shell of electrons is expanding. Owing to the 
identical outer electron configuration, the transition elements show 
horizontal similarities in physical and chemical properties in contrast 
to the elements of the s- and p-blocks. Like the other groups of 
elements, they show vertical group similarities also. It may be noted 
that zinc, which has a stable d!9 configuration in the penultimate 
shell, shows significant differences from the other elements of the first 
transition series. 


3. Size, Atoms of the transition elements are smaller than those 
of the Group IA or JIA elements in the same horizontal row or 
period. This is partly because the nuclear charge increases across 
the period and partly because the orbital electrons are added to the 
penultimate d level rather than to the outer shell of the atom. Thus, 
the transition elements of the first series have smaller atoms than the 
preceding s-block elements potassium and calcium. 


4. Metallic behaviour, Transition elements are all hard, 
lustrous metals, and are good conductors of electricity. For this 
reason, they are usually called transition metals. Since their atoms are 
smaller, they Mave higher densities than the metals of the s- and p- 
blocks. Their meltiug and boiling points are generally very high. 
Zinc is a notable exception because the d block is complete in it. 


5. Alloy formation, Transition metals are ductile and form 
alloys with other metals. Since they are nearly the same atomic size, 
they can replace one another in crystal lattices to give solid solutions 
and smooth alloys. 


6. Variable valency, Transition metals exhibit variable valer- 
cy. Many of the elements show a wide range of valencies and the 
valency changes in units of one, e.g., Fe?* and Fe3*, Cu* and Cu?*, 


E 
4 
5 
i 
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etc. The variable valency of transition metals is due to the fact that 
the difference in energy between the 4s and 3d orbitals is very small 
and, therefore, electrons from both of these orbitals may be involved 
in bending. Thus, a transition metal will lose its two 4s electrons to 
form doubly charged positive ion, M?*, and exhibit a valency of +2. 
However, only a small amount of energy is needed to remove its 3d 
electrons. So, in the presence of oxidizing agents, it may lose a 3d 
electron in addition to the two 4s electrons to form M?* ion, and 
exhibit a valency of +3. For example, iron (2,8,14,2) forms Fe?* ion 
(2,8,14) by the loss of the two 4s electrons, and Fe?* ion by the 
further loss of one 3d electron so that the Fe3* jon has the electron 
configuration 2,8,13. 


Titanium, vanadium, chromium, and manganese exert higher 
valencies by involving one or more electrons from the penultimate 
shell for covalent bonding, in addition to the outermost electrons. 
For example, manganese (2,8,13.2) can form covalent bonds using the 
two 4s electrons as well as from one to five of the 3d electrons 
resulting in heptavalent manganese (2,8,18,4) in the oxide MngO7 and 
in the permanganate ion, MnO,'. 


Zinc does not exhibit variable valency. This is because its 
penultimate shell has a stable 3d1® configuration, so that 3d electrons 
cannot be involved for bonding. 


7. Type of bonding. The transition metals can lose up to 
three electrons to form positive ions, e.g., Mt, M?*, and M?*, but 
the higher the number of electrons involved in bonding, the more 
covalent the compound is. That is, the lower valent states are ionic 
and the higher valent states covalent. Thus, the transition metals may 
form either ionic or covalent bonds depending on the conditions. In 
this respect, they are transitional between the s-block elements 
(elements of Groups IA and IIA) which typically form ionic com- 
pounds and the p-block elements which are largely covalent. 


8. Formation of coloured compounds, Ionic and covalent 
compounds of transition metals usually have characteristic colours. 
This contrasts with the compounds of the s- and p-block elements 
which are almost always white. The explanation lies in the fact that 
in the compounds of the transition metals, electrons are readily 
promoted from (n-1)d to ns orbitals. This is especially true if there 
are unpaired electrons, in which case the absorption of some parti- 
cular colour of visible light provides the right amount of energy to 
cause this, This absorption of light causes a particular colour to 
appear. Hydrated cupric ions, Cu?*, for example, absorb energy in 
the red end of the spectrum and transmit or reflect the blue. Solutions 
of Fe£* ions have green aud of Fe3+ ions have yellow colour for 
similar reasons. Cuprous compounds and zinc compounds are white 
because Cu* (2,8,18) and Zn (2,8,18) have no unpaired d electrons. 
The energy to unpair d electrons and to promote them to a higher 
energy level is much greater, and is not provided by light in the 
visible spectrum. 
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9. Catalytic activity. Many transition metals and their com- 
pounds are highly active as catalysts. This is due either to the 
transition metals forming unstable intermediate compounds as a result 
of variable valency or to their providing a suitable surface for reac- 
tion. Some common examples are the use of iron as catalyst in the 
synthesis of ammonia, of copper in dehydrogenations and in the 
manufacture of (CHg)sSiCle for silicones, of nickel in numerous 
reduction processes, and of FeSO4 and H202 (Fenton's reagent) for 
oxidizing alcohols to aldehydes. 


10. Complex ion formation, This is one of the most notable 
feaiure of the transition metals. In forming complex ions, the simple 
ions of transition metals share electron pairs on other ions or neutral 
molecules which are thereby attached to them through coordinate 
bonds. Thus, iron forms the complex ferrocyanide ion, [Fe(CN)¢]*, 
by the coordination of Fe?* ion with six cyanide ions, each of which 
carries a lone pair of electrons on the nitrogen atom. 


CN: NC [^ 
Fest + 6CN: — | CN:+Fe<NC or  [Fe(CN)g4- 
Cu SNC 


ferrocyanide ion 


Copper forms tetrammine copper (II) ion, [Cu(NH3)4]**, by the co- 
ordination of Cu** ion with four ammonia molecules. 


HN: :NH37?+t 
He ] 


HgN 7. ":NHBg 
tetrammine copper (II) ion 


11. Paramagnetism. The elements of the first transition series 
from cbromium to nickel inclusive are paramagnetic, i.e., they are 
altracted by a magnet. Paramagnetism results from unpaired electron 
spins in the atom. An electron in an atom spins about its axis. Beinga 
charged particle, the spinning electron behaves like a small magnet, 
with north and south poles. The two paired electrons in an orbital spin 
in opposite directions, thus cancelling their magnetic effects, because 
their north and south poles are opposed. On the other hand, atoms 
with unpaired electrons have an unbalanced magnetic field, and are 
paramagnetic. The greater the number of unpaired electrons in an 
atom, the stronger is its paramagnetism. 


Cut + 4:NHa > | or  [Cu(NH3A]** 


Iron, cobalt, and nickel display an extreme form of paramagne- 
tism, commonly referred to as ferromagnetism because of ihe unusual 
extent to which it is possessed hy iron. Ferromagnetism is the ten- 
dency to be attracted to a magnetic field, and to retain the magnetism 
after the field has been removed. That is, ferromagnetic substances 
may become permanentiy magnetized whereas paramagretism is 
shown only in the presence of an applied magnetic field. The ferro- 
Magnetism in iron, cobalt, and nickel arises from just the right spacing 
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between the atoms in their crystal lattices so that the unpaired elec- 
trons from adjacent atoms cannot overlap to cancel their spins. 


I. IRON 
2. Historical Background 


Iron was known at least as early as 6000 B.C. Ancient Hindus were experts in 
the extraction of iron from its ores, tempering of steel, and applied processes. They 
possessed a thorough knowledge of the various processes for the preservation of 
iron, Ashoka's pillar at Delhi, which was constructed from high class malleable 
iron in 319 A,D., and stainless steel joints in the temple of Puri speak eloquently of 
the great skill of the ancient Hindus in this field. In contrast, until the 14th century, 
iron was so scarce in England that the iron vessels in the kitchen of Edward III 
were counted among the valuables. The blast furnace for the smelting of iron was 
introduced in Germany, about 1350 A.D. and in England about 1500 A.D. 


3. Iron in Nature 


Iron ranks second in abundance among the metals (aluminium 
is first) and fourth among all elements in the earth's crust of which it 
constitutes nearly. 5 per cent by weight. In all probabilities, the 
core of the earth may be composed of iron. Iron is also present as 
silicates in clays and soils, and in all living matter, being essential 
for the production of chlorophyll in plants, and of hemoglobin in 
blood. In the earth's crust; iron occurs only in the form of various 
compounds, e.g., oxides, sulphides, carbonates, and silicates. The 
important ores of iron are; hematite or red irom ore, FezOg; 
limonite or brown iron ore, FegO3.3H50; and magnetite or lode- 
stone, Fe3O4. Siderite or spathiciron ore, FeCOsg, is a brownish 
white mineral which is not much valued as an ore of iron. 


Iron pyrites or just pyrites, FeSs, is an abundant iron mineral 
which, due to high sulphur content, is of little importance as an iron 
ore, It is, however, an. important raw material for the manufacture 
of sulphuric acid. Owing to its beautiful yellow colour and metallic 
lustre, this mineral is also known as 'foo!'s gold’. 


4, Extraction of Iron 


Iron is extracted from its oxide ores* by reduction with carbon 
at high temperatures in blast furnaces. A blast furnace (Fig. 14-1) 
is a conical structure, about 25 metres high, made of a steel 
shell, lined with a layer of fire-resistant brick. The upper two-thirds 
of the furnace flares out downward to provide proper flow of the 
charge; the lower one-third narrows down as the materials melt and 
occupy less space. Pipes or ‘tuyeres’ (pronounced tweeyair) through 
which a blast of air preheated to 700-800°C is blown into the 
furnace open in its lower portion. A little below the tuyeres are two 
tap-holes, the upper one for the discharge of molten iron and the 
lower one for the discharge of molten slag. These are kept plugged 
up with clay except when the molten material is being discharged. 


*Carbonate ores are converted into iron (T1) oxide by roasting in excess of air. 


A 
4FeCO, + O, > 2Fe40; + 400, + 
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The charge of ore , coke, and flux (limestone ior ores contain- 
ing sand, and sand for ores containing limestone)* is fed into the 
furnace through the opening at the top. The opening has two succes- 
sive bell shaped valves, called airlocks, one of which remains closed 
while the other is open. Thus the hot gases cannot escape during 
charging. As the charge melts, or is burned in the lower regions of 
the furnace, the stock column gradually sinks leaving room for addi- 
tional charge at the top. The operation of jthe blast furnace is thus 
a continuous process. 


The molten metallic iron and the moiten slag drip to the bottom 
of the blast furnace. Here, the lighter slag floats on top of the molten 
iron and shields it from being oxidized by the incoming air. As they 
accumulate, the molten slag and the iron are tapped separately 
through the respective holes 


double cup and cone 
arrangement 


blast furnace gas 
(CO, CO; Nj) 


II 
Fig. 14-1 The blast furnace. 


4-1, Chemicalréactions within the blast furnace. The 
chemical reactions occurring in the blast furnace]and the temperatures 
at various heights are shown in Fig. 14-2. 


. *In either case the limestone dissociates to give calcium oxide which com- 
bines with the sand to produce the fusible slag of calcium silicate, (CaO + SiO, + 
CaSiO,). If no flux is added, the rocky matter in the ore (sand or limestone) 
ware the furnace belcause its melting point is much higher than the temperature 
in the furnace. 
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(i) In the lower region of the tuyeres, the coke is oxidized to 
carbon dioxide with the liberation of much heat, so that the tem- 
- perature reaches up to 1400". 1500?C or more at the bottom, 


C + Og -= COs + 97,000 cal. 
(ii) In the middle region, three reactions take place : 


(a) The carbon dioxide passing upward through the overlying 
layer of white-hot coke, is reduced to carbon monoxide. 
CO, + C + 2C0— 39,000 cal. 


(b) The limestone (added as flux or present as an impurity in 
the ore) dissociates into calcium oxide and carbon dioxide. 


CaCOs > CaO + CO2—43,250 cal. 


Both of these reactions being endothermic, the temperature in 
this zone sharply drops to 700 —950°C. 


Coke + 


| ore + 
iimestone 


furnace gas 


" Ue 

iron ore 25 m— y» 3Fe,O, -CO - 2Fe,0,4-CO, 
reduced 22 m— ak Fe,O,--CO > 3FeO -CO, 
to iron ' 18 m— js FeO-- CO — Fe--CO, 

15 m— 850°C Fe--CO, -> FeO--CO 
limestone 11 m— 950°C CaCO, — CaO 4-CO, 
decomposes 
slag forms 8 m—1100°C CaO 4- SIO, Casio, 

CO,+C — 2CO 


hót al cie 5 m—1250°C C+0, + CO, 


molten slag 


Molten iron 
Fig. 14-2. Reactions and the distribution of temperatures in the blast furnace. 
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(c) The calcium oxide combines with silica to produce calcium 
silicate, the fusible slag. 
CaO + SiO; > CaSiOs 
(iii) In the upper region, the ore is reduced to iron by the 
carbon monoxide in several steps represented by the following equa- 
tions. 
3Fe203 + CO — 2Fes04 + CO2 
Fes04 + CO — 3FeO + CO2 
FeO + CO + Fe + CO2 


These reduction reactions can be summarized as a single rever- 
sible reaction as follows : 
FegO3 + 3CO = 2Fe + 3CO2 


The presence of excess of carbon monoxide keeps the. equilibrium 
shifted to the right. The iron oxide, FeO, is reduced before it can 
slag with the sand (FeO + SiO» — FeSiOs) in the middle region of 
the furance, and little iron is lost in this way. 


4-2, Products of the blest furnace, The products of the 
blast furnace are : the pig iron, the slag, and the flue gas, 


(1) Pig iron. The molten iron produced in the blast furnace 
contains 2 to 5 per cent dissolved carbon and small amounts of 
silicon, manganese, phosphorus, and sulphur* derived from impurities 
in the iron ore and coke. It is conducted through appropriate 
channels into specially designed hot-metal cars to be taken to the 
furnaces for making cast iron or steel. 


If the iron is to be used at any considerable distance from the 
blast furnace, it is poured into moving chains of moulds where it 
solidifies into blocks. The iron in this form is called pig iron as the 
iron blocks resemble a litter of pigs. 


(2) Slag. The slag consists mainly of calcium silicate, CaO.SiOs, 
with small amounts of calcium aluminates, 2CaO.A150s, and calcium 
aluminosilicates, 3CaO.AlsOs.SiOs. It solidifies into a rock-like 
material which is crushed and used for road building, for cemen| 
manufacture, etc. - 


(3) Flue gas. Excess gases coming from the furnace are called 
flue gas. They contain about 10 per cent carbon dioxide, from 20 
to 30 per cent carbon monoxide, and the rest nitrogen from the air. 
The percentage of the combustible carbon monoxide being quite 
high, the flue gas is used as a fuel in the Cowper stoves to preheat 
the air which is forced into the furnace. Cowper stoves are 


om *Phosphorus is set free by the interaction of calcium phosphate impurity 
with carbon and sand, Ca,(PO,);+3SiO,+5C-+3CaSiO,+5CO t +2P. Manganese 
is produced by the reduction of manganese oxide impurity, and silicon by the 
reduction of silica. Sulphur is derived from the sulphur compounds in the 


coke. 
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cylindrical towers almost as tall as the blast furnace itself. These are 
built of firebrick and have vertical channels inside. Each urnace is 
connected to two or four Cowper stoves. The blast furnace gases, 
after passage through a dust extractor, enter the stove and burn in it, 
heating the walls of the channels to redness. At the same time air is 
blown into the blast furnace through the other stove already heated 
up in a similar manner. After sometime the air blast is turned into 
ue first stove, and the blast furnace gases burned in the second one 
(Fig. 14-3). 


chimney, Cowper stove blast Cowper stove 
stack being heated furnace heating air 


Fig. 14-3. Operation of blast furnace connected to Cowper stoves. 


4-3, Use of oxygen in blast furnace process, Instead of 
an air blast, 80 per cent of which is inactive nitrogen, some furnaces 
utilize pure oxygen. This has several advantages: (1) Higher tem- 
peratures are reached since no heat is wasted in heating up nitrogen. 
(2) There is an increase in the concentration of the £^seous reactants, 
viz., oxygen, carbon, dioxide, and carbon monoxide. This steps up 
the rates of various reactions. The necessity for heating the air blast 
and, hence, of using Cowper stoves is eliminated, greatly simplify ing 
the whole metallurgical process. 

4-4, Some interesting facts about the blast farnace 
operation. (1) A single blast furnace may produce 1500 tons of iros, 
500 tons of slag, and 2000 tons of flue gas daily. (2) About one ton 
of coke is consumed for each ton of iron produced. (3) About six 
tons of air is needed for every ton of iron made. A large blast fur- 
nace requires about 13,50,000 dm? of hot air every minute fc: the 
air blast. (4) Once fired, the blast operates continuously day and 
night for several years until repairs are needed. 


5. Cast Iron and Steel 


Two types of iron is used in industry* : cast iron and stes). 
These forms of iron differ mainly in their carbon content which 
influences their physica! properties in a great measure. 


*Wroug it iron, the purest commercial form of iron, containing only 0:1 to 
0:25 per cent oi carbon and jess than O'S per cent of all other impurities put 
together, is now lergely replaced by mild steel (Sec. 14-8), which matches wrought 
iren in all desirable Properties vet is cheaper than it 
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5-1. Cast Iron, When pig iron is remelted with scrap iron 
in a furnace and recooled in moulds, it is called cast iron. The rusty 
oxides in the scrap help oxidize carbon, the amount of which is 
reduced to about 2 percent. When cooling is done rapidly, white 
crystalline cast iron is formed. It contains most of the carbon 
chemically combined with the iron as iron carbide, FesC. The pro- 
duct is called white cast iron. lt is brittle, hard, and resistant to wear. 
When the molten pig iron is cooled slowly, most of the carbon crys- 
tallises as black graphite. The product has, therefore, a grey colour 
and is called grey casi iron. The grey cast iron is soft and tough. 


Cast iron expands on solidification in moulds, filling all details 
completely, thus yielding well-formed castings. Hence, it is used for 
casting pipes, radiators, automobile engine blocks, stoves, weights 
flywheels, toys, and the like, where hardness and resistance to wear 
are prized more than strength. Since cast iron does not readily rust, 
itis used for making lamp posts and gutters. More extensive use of 
cast iron is restricted by several shortcomings. itis neither malleable, 
nor ductile. Although strong, it is brittle and fractures easily. It 
cannot be welded and is unmachinable. It cannot therefore be used 
for springs, plates, and girders. 


5.2, Steel, The term steel is used to denote many widely 
different alloys of iron with carbon and other elements, especially 
manganese, silicon, and phosphorus. Most steels contain from 0'1 
to 1 per cent carbon. and varying amounts of other elements. Steels 
are made by removing the impurities from molten pig iron by oxida- 
tion and then adding known quantities of carbon and other elements 
to produce an alloy of desired composition and uses. 


6. Manufacture of Steel 


Three processes are used chiefly for the production of steel : 
the Bessemer process, the open hearth process, and the L.D. process, 
steels of high quality for specia! purposes are made by the electric- 
furnace process. 


6-1, The Bessemer process, This process is accomplished 
in a converter, an egg-shaped steel vessel lined with firebrick 
and large enough to hold 15 to 20 tons of the charge. 
It has a double bottom enclosing an air space. This air space 
leads to one of the supporting arms of the converter. The upper 
part of the air space is perforated with small holes through 
which air is blown during operation. The converter is mounted on 
pivots which allow it to be tipped back and forth for loading and 
pouring (Fig. 14-4). For working low-phosphorus pig irons, the 
converter is lined with silica bricks. Owing to the acidic nature of 
silica, the process is then called the acid Bessemer process. For 
working high-phosphorus pig irons, the converter is lined with 
calcined dolomite (CaO.MgO). Owing to the basic nature of this re- 
fractory material, the process is then called the basic Bessemer 


process. 
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Acid neris cs Molten pig iron direct from the blast 
furnace is introdu into the converter by turning it horizontal, A 
blast of cold air is blown through the charge as the converter is tipped 
upright again, the inrush of air holding up the metal through the 
holes. Aithough a blast of cold air is used, the heat developed by the 
oxidation of carbon, manganese, silicon, and other impurities raises 
the temperature and makes iron even hotter than it was in the 
beginning. The resulting oxides of manganese and silicon react with 
each other to form manganese silicate (MnO +SiOz > MnSiOs), 
which rises to the surface as slag. The carbon monoxide, formed by 
the oxidation of carbon, burns at the mouth of the converter 
with roaring yellow flames. When the flames die down (a sign that 
oxidation is complete), an iron alloy containing carbon and manga- 
nese (ferromanganese) is added to deoxidize the steel* and to leave 
required amounts of these elements in excess. The air is again blown 
through for a minute to mix theingradients. The slag is then skimmed 
off and the molten stee! poured out first into a ladle, and then 
into moulds where it solidifies into ingots. 


Aj. flame of burning 
` w A carbon monoxide 
' [ 


firebricktining 


hot air 
blast 


Fig. 14-4. The Bessemer converter 
Basic Bessember Process. ln this process, the lining of the con- 
verter is made of calcined dolomite (CaO.MgO). Quicklime (CaO) 
is also added as a flux during blowing to convert the phosphorus 
Pentoxide and silica formed by the oxidation of phosphorus and 
silicon (impurities) respectively into phosphate and silicate slag. 
MgO + SiO; — MgSiO3 
CaO + SiOz — CaSiOg 
3CaO + P305 -* Cas( PO), 
tes with the oxygen left. in the product from the blast 


manganese un 
tals m. ‘be aded 10 produce z steel of the desired properties, 


*The 
of air; other metals may 
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The slag is poured off before adding the ferromanganese. This basic 
slag or Thomas slag, as it is called, is ground to a fine powder and 
used as a phosphate fertilizer. 


Acid Bessemer process is unsuitable for high-phosphorus irons 
because phosphorus pentoxide, being an acidic oxide, cannot be 
removed with the 'acid' lining of the converter, which acts as a flux 
towards the basic oxides of manganese and iron. 


"The Bessemer process is inexpensive and quick, requiring only 
15-20 minutes for a batch of 25 tons of pig iron. However, the lack 
of control over the composition does not permit the production of 
"tailor-made' steels for specific applications. Furthermore, a con- 
siderable amount of iron is lost due to the intensive oxidation that 
occurs. 


Bessemer steel is a low grade, but inexpensive product. It finds 
use in making pipes, wire, hardware, and steel frameworks for bridges 
and buildings. 


6-2. The open hearth process. In this process, the pig 
iron is converted into steel in a large shallow hearth* built of steel 
plates. It is lined either with silica or calcined dolomite depending 
upon the phosphorus content of the pig iron used. It has several 
doors along one of the long walls for introducing the charge, and an 
outlet for molten steel and slag at the bottom. This outlet is plugged 
with clay until used. The charge is heated by burning a mixture of 
preheated fuel gas with an excess of air or oxygen on regenerative 
principle of heat economy} (Fig. 14-5). The furnace and process are 
named open hearth because the charge is open to flames that keep 
the mass ‘molten. 


The charge consists of pig iron, steel scrap, and hematite (iron 
ore consisting of iron oxide), The scrap, including old automobile 
bodies, boilers, cans and the like constitutes about half the total 
charge. Limestone is added as a flux in case of high phosphorus pig 
irons. The steel scrap, hematite, and limestone ere first charged into 
the furnace. When this charge melts, molten pig iron from the blast 
furnace is poured in from a large ladle. The impurities in the molten 
charge are removed by oxidation, at the surface of the molten mass 


*It is about 12 m long, 5 m wide, and slopping toa depth of about 0'6 m 
in the centre. Itcan hold up to 300 tons ofthe (os I 


{The furnace (Fig. 14.5) is. connected at either end with asystem of two 
chambers filled with checkerwork firebrick. The gas and air are fed rough the 
chambers at one end (say, air through chamber I by pipe 1; gas througb chamber 
JI by pipes 2 and 3). The air and gas mix under the roof and burn to produce 
intensely hot flames which are deflected down across the charge, The hot products 
of combustion pass out through the two chambers at the other end. When these 
chambers become hot, the flow of air and gas is reversed by turning the valves 5 
and 6 into the positions indicated by dotted Jines. The air and gas become hot as 
they pass through the chambers just heated. The process thus operates efficiently 
by conserving the heat of the waste gases which, after being cooled, escape through 
pipe 4 into the chimney. 
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air ————* 
Fig. 14-5. The open hearth furnace; the doors for 
introducing the charge are marked D. 


by the oxygen in the air and on the inside by the oxygen contained 
in the hematite. The resulting oxides of silicon and manganese 
(impurities) interact to form slag of manganese silicate while 
phosphorus pentoxide formed combines with calcium oxide (from 
limestone flux) to form calcium phosphate slag. 


MnO + SiO» > MnSiOs 
P4019 + 6CaO — 2Cas(PO4)e 
SiO + CaO — CaSiOg 


Carbon is oxidized to carbon monoxide by the hematite, while any 
sulphur present is oxidized to sulphur dioxide. Both of these products 
escape as gases. About 8-10 hours are required to oxidize most of 
the carbon. At intervals, samples of the metal are removed for 
testing, the oxidation being continued until the desired composition 
is obtained. Carefully controlled amounts of carbon and alloying 
metals are then added to produce steel of the desired type. The 
charge is then tapped into a huge ladle. Here a little aluminium 
added to the molten steel to remove dissolved gases. The slag o 
flows into another ladle (not shown in the figure). 
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The open hearth process has many advantages over the 
Bessemer process : 

(1) It directly converts scrap iron and iron ore into steel. 

(2) It allows the contents of the products to be analyzed 
frequently so that the amounts of materials present can be controlled 
tofobtain a product of any desired composition. 

(3) No iron is wasted since no blast of air is passed. 


The steel produced by the open hearth process is high-grade 
and uniform, and can withstand sudden strain and frequent vibration. 
Hence, it is used in making girders, heavy rails, armour plate, guns, 
etc. à 


6-3, The L.D, process* or the basic oxygen process. The 
open-hearth process suffers from the disadvantage of being slower 
than the Bessemer process. The L.D. process or the basic oxygen 
process combines the flexibility of the open-hearth process with the 
speed of the Bessemer process. In this process, the molten pig iron is 
charged in a converter with unperforated bottom and a very fast jet of 
oxygen istblown on its surface by means of a retractable pipe. 
(Fig. 14-6). Thus much better control of product is achieved. 


oxygen 


oxygen pipe 
(retractable) 


molten slag 


oxygen converter 
(2000-2500*C) 


Fig. 14-6. L.D, process of making steel. 


‘ Impurities of silicon, manganese, and carbon are oxidized to 
their respective oxides. The oxidation reactions are highly exothermic 
and the temperature rises to 2000°C to 2500°C. Silicon dioxide forms 
Ca$iOs slag with calcium oxide and manganese oxide forms MnSiOs 

*The letter L and D stand for Litz and Donawitz, the towns in Austria, 
where this process was developed. 


T 
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slag with silica which float on the surface of molten iron, Purified 
iron, being denser than impure iron, sinks to the bottom while the 
impure iron, rises to the surface, The process is a very quick one, 
taking-only 45 minutes in a 100-ton converter. In quality the steels 
are equivalent to open-hearth steels of the same grade, and are free 
from nitrides, 


6-4, The electric furnace process. High quality steel and 
the high-melting alloy steels containing nickel, chromium, vanadium, 
molybdenum, etc., are manufactured in electric furnaces. The electric 
furnaces have. several advantages : (i) The temperature can be con- 
trolled within a few degrees. (ij) Temperature as high as 3000°C can 
be attained which is not possible in any other furnace, making it 
possible to. smelt refractory alloy steels. (iif) Since heat is not 
produced by burning gases, the introduction of extraneous impurities 
is avoided and a finished product free from blow holes is obtained. 
(iv) The losses of alloying elements are lower than in any other 
furnaces, and steels containing the heat-resistant metals, e-g., tungsten, 
molybdenum, etc., can be easily produced, 


The electric furnace used in the manufacture of steels are of two 
types : (i) direct arc furnaces and (il) high-frequency induction furnaces, 
A direct arc furnace consists of a steel shell lined with a basic refrac- 
tory material. The charge may consist entirely of scrap iron and 
steel, or of Bessemer or open-hearth stee! which is to be refined 
further. An electric arc is struck between two carbon electrodes or 
between carbon electrodes and the charge. The heat of the arc melts 
the charge which is then treated with oxygen to oxidize the impurities. 
The resulting oxides are readily converted into slag with the basic 
lining. The metals to be alloyed are added as element: or as alloys of 
iron, If necessary, ferrosilicon alloys are added to remove dissolved 
oxygen. When the process is complete, the liquid steel is poured into 
moulds by tipping the entire vessel, “Electric steel’ may be rolled 
and forged. It is used in casting frames for motors, pipes, valves, 
tools, etc. Nearly all steel used in airplanes is electric steel, 


High-frequency induction furnaces are essentially melting 
furnaces for the manufacture of alloy steels from virgin materials. 
In these furnaces, heat is produced within the meta! by means of 
induced eddy currents. An additional advantage in these furnaces 
is that the molten metal undergoes continuous stirring by means of 
the induced currents. 


7. Heat Treatment of Stools 


The mechanical properties of steels, €g., hardness, elasticity, 
tensile strength, etc., can be varied as desired by proper heat-treat- 
ment, that is, by heating and cooling the steel under definite condi- 
ticas. The important types of heat-treatment are— 


1, Annealing. This involves heating steel to a bright red heat 
and then allowing it to cool slowly. As a result, the steel becomes soft 
and pliable. Annealed steel wears better than wrought iron. 
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2. Hardening, This involves heating steel to a temperature 
below red heat and then cooling it rapidly by plunging in oil or water 
(quenching). This makes steel very hard but brittle at the same time. 


3. Tempering, This treatment consists in reheating the harde- 
ned steel to a definite temperature (lower than before) and then cooling 
it slowly. As a result, the hardened steel becomes softer and loses its. 
brittleness. Any desired degree of hardness may be produced in the 
steel by reheating to a proper temperature. 


4, Case hardening. This is the process of heating soft, tough, 
low-carbon steel in contact with charcoal and then quenching in oil 
whereby the surface is hardened. Case hardened steel is used for 
making shafts, gears, files, etc., which need a hard wearing surface, 
resistant to wear, but a tough interior resilient enough to withstand 
shock. 

5. Nitriding. This is the modern Process for the case-harden- 
ing of steels. It involves heating alloy steels in an atmosphere of 
ammonia gas at500--600^C. The nitrogen formed by the decomposi- 
tion of ammonia combines with iron to form a very hard material, 
iron nitride. This substance makes the surface of the steel extremely 
hard and resistant to corrosion. The period of heating in ammonia 
varies from a few hours to a few days depending upon the depth to 
which the hardening is needed, The process of nitriding is superior 
to case hardening, as it requires a much lower temperature at which 
the steel object does not undergo distortion in shape. 


8. Classification of Steels 


Two important classes of steels are : ( 1) the carbon steels, and 
(2) the alloy steels. 


8-1, The Carbon steels. Such steels have carbon as the only 
one alloying element; other elements May be present in traces but 
they do not affect the properties, According to the amount of carbon 
Present, the carbon steels are of three types : 


4. Mild steels, These are steels of low carbon coatent (from 
0°05 to 0°25 per cent). These are quite ductile and similar to wrought 
iron in mechanical properties. These are used in the manufacture of 
bridge girders, automobiles, ships, buildings, rails, etc. 

b. Medium steels, These steels contain 0°25 to 075 Per cent 
carbon. These are harder than mild steel. Both mild and medium. 
steels can be welded. Medium steels are used for making automobile 
axles, rails, car wheels—sometimes after Proper heat-ireatment. 


€. Hards steels, Hard steels contain 075 to 5 pei cent carbon. 
These are very hard and brittle, and cannot be welded. These 
are used, after proper heat-treatment, for making tools, springs, etc. 


9-2. Alloy steels, These are steelsto which certain metals or 
uon metals have been added in quantities sufficient to produce special 
r erties, Alloy steels are prepared by introducing the alioying 

Ld 
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elements into molten steel to improve it for special uses, Different 
alloy steels have different properties, and based upon them, different 
uses. Stainless steel is a well known alloy steel which contains 7-8% 
nickel, 14-18% chromium, and the rest iron. It is highly resistant to 
corrosion and is used for making cutlery, kitchenware, surgical 
instruments, etc. Chrome-vanadium steel (1-10% Cr, 0'15% V, rest 
iron) withstands strains and shocks without breaking. Two other 
metais used for the manufacture of alloy steels are manganese and 
molybdenum. 


9. Pure lron 


Very pure iron is difficult to make. It may be obtained by 
means of the following reactions : 

(1) By reducing pure iron (III) oxide in hydrogen at 1000°C, 

Fe203 + 3H2 > 2Fe + 3H90 1 

Pure iron (ILI) oxide is obtained by heating recrystallised ferric 
nitrate [4Fe(NCg)p — 2Fe203 + 8NO» f + Og 1]. 

(2) By melting in vacuum the iron obtained by the electrolysis 
of a solution of iron (III) sulphate, iron (II) chioride, or iron (II) 
ammonium sulphate. 


10. Physical Properties of fron 


(1) Pure iron is a silvery white lustrous metal resembling 
platinum in appearance. It is capable of taking a high polish. 


(2) Itis a heavy metal, density = 7°87, It has a high m.p., 
1537C. 
(3) It is ductile, relatively soft, and possesses high tensile 
strength. 

(4) Iron is highly magnetic but does not retain magnetism, 


All these properties are greatly modified by the amount and 
nature of impurities, especially carbon, present in iron. 


11. Reactions of Iron 


(1) Iron is stable in dry air at atmospheric temperature, When 
heated in air, it gets covered with a thick, bluish-black scale of 
ferroso-ferric oxide or iron (II, III) oxide, Fe3O4, also called the 
magnetic oxide. When heated in oxygen in the form of powder or 
steel wool, iron burns brilliantly to form Fea3O4. 


(2) Pure iron does not rust inairor in contact with water. 
Ordinary commercial iron rusts in moist air and under water contain- 
ing dissolved oxygen forming partially hydrated iron (III) oxide, 
Fe ,O3.xH20. 


(3) When iron is heated in steam, it is oxidized to ferrosoferric 
oxide; hydrogen is set free. 


3Fe + 4H40 «€ Feg0, 4-4H21 
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.. (4) Tron dissolves in hydrochloric acid and dilute sulphuric 
acid forming iron (HI) ions, Fe?~. and hydrogen. 


Fe + 2H* -+ Fe** + Hg 
Hot concentrated sulphuric acid forms Fc$*, and SOx is evolved. 
2Fe + 6HsSO4 > Fes( SO4/5 + 6H2O + 38051 
or, 2Fe + 12H* + 3SO,7- — 2Fe** + 6H2O + 3802 t 


Cold concentrated nitric acid has little effect on iron. Probably, 
a tough film. of magnetic oxide is formed on the surface, which 
prevents further action. In fact, iron, after treatment with cold 
concentrated nitric acid, will notreict with dilute acids in which it 
would otherwise readily dissolve. Such inactive iron is said to be 
passive, If passive ironis struck, or scratched, the oxide film is 
apparently broken, and the iron regains its activity. The same result 
is obtained by treating passive iron with reducing agents. 


(5) Iron combines directly with sulphur, chlorine, bromine, and 
carbon to form respectively ferrous sulphide, FeS, ferric chloride, 
FeClg, ferroso-ferric bromide. FegBrg, and iron carbide, FegC. 


12, The Rusting of Iron 


All forms of iron corrode, or rust, in moist air. That is, they 
get covered ' with a reddish-brown deposit of hydrated iron (III) 
oxide, FeoO3.xH3O, called rust, The rust that forms is loose and 
scales off leaving the metal underneath exposed to corrosion by 
mojst air. It therefore, offers no protection, and the process continues 
until all the metal is convered to rust, The following facts regarding 
rusting of iron are uoteworthy : 


(1) Iron. does notrust in dry air, nor in water which is frec 
from dissolved oxygen. This shows that both air and water arc in- 
volved in the rusting process, 


(2) Rusting proceeds very showly in pure water, the presence of 
dissolved electrolytes accelerates rusting. In moist air, the electroyte is 
simply carbonic acid, H2eCOg, formed when carbon dioxide dissolves 
in sir. Of course a strong electrolyte such as NaCl would be more 
effective (iron rusts faster in salt water than in fresh water), Rusting is 
very rapid in acid solutions; while the presence of alkalis slackens it. 


(3) Iron in contact with aless active metal such as tin, lead, 
Or copper rusts more rapidly than when alone, or when in contact 
with a more active metal such as zinc. 


} (4) Absolutely pure iron does not rust, an impurity in the iron 
is essential for rusting. 


All these facts point towards rusting being an electrochemical 
Process. Since all ordinary forms of commercial iron lack a uni- 
formity of surface, millions of tiny electrochemical cells come into 
action On the iron surface exposed to moist air. The more active 
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iron acts as. the cathode and its impurity, generally carbon or iron 
carbide particies, acts as the anode. The electrode reactions that take 
place are : 


At the anode ; Fe -> Fe?* + 2e7 
-At the cathode : 2H30 — 2H* + 20H^ 
2H* + 2e- — He 


The accumulation of hydrogen on the surface of iron tends to pola- 
rize the cell and stop the cel! action. However, dissolved oxygen 
removes hydrogen as soon as itis formed by oxidation to water 
{4H + Os — 2H20), and the electrochemical action continues. The 
iron (II) ions, Fe?*, combine with the OH™ ions of the electrolytic 
solution to form Fe(OH)s. y 


Fe?* 20H" — Fe(OH)» 


The iron (II) hydroxide is readily oxidized by air to hydrated ‘iron- 
(III) hydroxide, (Fe(OH)s. 


4Fe(OH)2 -+ Oo + 2H30 ~> 4Fe(OH)s 


Gradually, Fe(OH) loses -water to yield a partially hydrated oxide, 
FegOg.xH20O, which is iron rust. 


12-1 Prevention of rusting. Iron can be protected against 
Tusting by the following methods : 


1. By coating it with a suitable material. This may be— 
(i) an organic material such as paint, lacquer, grease, etc., 
(ii) another metal, e.g., zinc, chromium, nicket, tin, cadmium, 


(ili) a ceramic enamel, like that used on sinks, bathtubs, etc., 


(iv) a film of phosphate, produced by dipping iron into a hot 
alkaline solution of sodium phosphate; the phospbate forms a thin 
coating of basic phosphate of iron. 


2. By treating the red-hot surface with superheated steam 
when a thin layer of magnetic iron oxide, FegO4, is formed 
(3Fe + 4Hg0-» FegO4 + 4H). This layer is adherent and non- 
porous, andprotects the metal underneath from rusting. The product, 
called Russia iron, is used for making stove pipes. 


3. By attaching a more active metal. Underground iron pipes 
are protected from rusting by attaching blocks of a more active 
metal, e.g., aluminium or magnesium. The more active metal becomes 
the negative pole and. corrodes (Mg — Mg?* + 2e^) rather than the 
iron. At the iron pole, reduction occurs, and so noFe?* ions are 
produced. Magnesium rods are sometimes placed in hot water heaters 
where electrochemical action between iron and copper or brass 
fitting would cause the iron to rust. 
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4. By alloying with suitable elements. Alloys of iron with cer- 
tain other elements are often corrosion resistant. Typical examples 
are duriron (Fe and Si) and stainless steel (Fe, Cr, and Ni). 


13, Compounds of Iron 


Iron forms two series of compounds : (1) Iron (1I) or ferrous 
compounds in which iron is divalent, and (2) Iron (IIT) or ferric 
compounds in which iron is trivalent. Iron (lI) salts gradually 
pass into iron (III) salts onexposure to air. The chief characteristics 
of the two series of compounds are summarized in table. 


Table 9-5 Chief characteristics of iron (1I) and iron (III) compounds 
Property Iron (I1) compounds Iron (III) compounds 

(1) Colour Anhydrous—white; bydrated— White, yellow, or reddish- 
light green; in solution—nearly brown. 
colourless. 

(2) Hydroxide Light green; weak base. Reddish brown; much 

weaker base. 
(3) Redusing/ox i- Reducing agents; easily oxidized — Oxidizing agents; easily 
diziñg agent to ferric state. reduced to ferrous state. 


14, Oxides and Hydroxides of Iron 


14-1 Iron (II) oxide, ferrous oxide, FeO, This may be 
come as a black powder by heating iron (H) oxalate in the absence 
Of air, 


A 
(COO)sFe.3H20 —+ FeO + COt + COot + 3H:01 
iron (IT) oxalate iron (JI) oxide 
It is of little importance since it changes rapidly, when it is 
exposed to the air, into iron (III) oxide, Fe3Os. Iron (1I) oxide is a 
basic oxide readily reacting with dilute acids to form the correspon- 
ding iron (II) salts. 
FeO + 2H* — Fe?* + H:O 
e.g. FeO + HaS04 + FeSO, + HO 
À 14-2. Iron (II) hydroxide, ferrous hydroxide, Fe(OH);. It 
is obtained as a white precipitate upon the addition of alkali hydro- 
xides to the solutions of iron (II) salts, 
Fe?+ + 20H- — Fe(OH): 4 
In the air the white hydroxide quickly turns green and then reddish- 
brown, by oxidation to iron (III) hydroxide. 


4Fe(OH)s + 02 + 2H20 — 4Fe(OH)s 
from air 
iron (I) hydroxide, unlike iron (III) hydroxide, is soluble in 


the’ solutions of ammonium salts, e.g., ammonium chloride. It is, 
therefore, necessary in the Group separation of metals in qualitative 
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analysis to oxidize any iron present to the iron (III) state before add- 
ing ammonium chloride and ammonium hydroxide for the precipita- 
tion of Group (III) hydroxides. This oxidation is affected by boiling 
MESE from Group II with a few drops of concentrated nitric 
acid. f 


14-3. Iron (III) oxide, ferric oxide, FesOs. This oxide occurs 
in nature as the mineral hematite. It may be prepared in the 
laboratory by igniting iron (III) hydroxide, 


A 
2Fe(OH)3 ——> Fe0O3 + 3H20 t 
or by heating iron (II) sulphate strongly. 


A 
2FeSO, —-> Fe203 + SOa 1 + SOs t 


Iron (III) oxide is a red powder which reacts with acids to form 
the corresponding iron (III) salts. 


FegO3 + 6H* — 2Fe?* + 3H30 


Itis used as a cheap red paint pigment uuder the names 
"Venetian red” and "red ochre”. It is also used as an abrasive for 
grinding and polishing glass under the name of rouge. 


14-4, Iron (III) hydroxide, ferric hydroxide Fe(OH) 3. It is 
formed as a reddish-brown gelatinous precipitate when a solution of 
alkali hydroxide or ammonium hydroxide is added to the solution of 
an iron (III) salt. 


Fe3+ + 30H- > Fe(OH) } 
On allowing the precipate to dry, iron (III) hydroxide is dehydrated 
to iron (III) oxide. i 
2Fe(OH) — Fe203 + 3H20 


Iron (III) oxide is a weak base which is insolublo in alkali 
solutions. It dissolves in acids forming the corresponding iron (III) 
salts, including a carbonate, bicarbonate, and a sulphide. 


Fe(OH)s + 3H* — Fe3* + 3H:0 


14-5. Iron (II, III) oxide, ferroso-ferric oxide, Fe;O4. This 
oxide occurs in nature asa magnetite or lodestone. It is made by 
heating iron to redness in air or steam. 


3Fe + 4H20 — Fe304 + 4H2 1 
Iron (II, III) oxide is-highly magnetic and is, therefore, called 
magnetic oxide of iron. en treated with acids, it yields the 
corresponding iron (Il) and iron (HI) salts in solution. This shows. 
that it is a mixed oxide, FeO.FezOs. 
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15. Iron (iD) salts 


15-1, Iron (H)'chloride, ferrous chloride, FeCl, The 
hydrated salt, FeCly4H2O, is obtained as blue-green crystals by 
dissolving iron in hydrochloric acid in the absence of air and con- 
centrating the solution to the point of crystallization. The anhydrous 
salt is made by passing dry hydrogen chloride over red-hot iron 
fillings. 

Fe + 2HCI — FeClg + Ha 


Anhydrous iron (II) chloride is a deliquescent, white solid, which is 
very soluble in water. 

15-2. Iron (II) carbonate, ferrous carbonate, FeCO;. This 
occurs in nature in the mineral siderite or spathic iron ore. It may 
be produced as a white precipitate by the interaction of alkali carbo- 
nates (e.g, NagCOs) and solutions of iron (II) salts in the absence 
of air. 


Fe** + CO3? > FeCOs | 

Iron (II) carbonate is insoluble in water but dissolves in water 

containing carbon dioxide forming the hydrogen carbonate. 

FeCO3 + H20 + CO» = Fe(HCO3)e 
On exposure to the air this solution loses carbon dioxide reforming 
iron (II) carbonate. The latter, however, is hydrolyzed and oxidized, 
depositing red-brown hydrated iron (IIT) oxide. Probably similar 
changes occurs when iron rysts. 

15-3, Iron (H) sulphide, ferrous sulphide, FeS, It is pre- 
cipitated when an alkali sulphide (e.g., NagS) is added to a solution 
of an iron (II) sait. 

Fe?* + S2- — FeS | 

It is made commercially by melting together iron and sulphur. 
The commercial samples are grev-black in colour and usually contain 
appreciable amounts of uncombined iron. 

Tron (II) suiphide reacts with dilute acids forming an iron (II) 
salt in solution and hydrogen sulphide gas. 

FeS + 2H* — Fe?t + HeS + 

Ege FeS + H250, > FeSO, + HaS t 


15-4, Iron (H) sulphate, ferrous sulphate , FeSO,. It is the 
most important and well-known iron (II) salt. 


1 „Preparation. It is prepared in the laboratory by dissolving iron 
iz dilute sulphuric acid. The solution is concentrated and cooled 
Whea pale-green crystals of iron (II) sulphate heptahydrate are 
deposited 

Fe + HSO; > FeSO, + Hot 
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However, the product is usually contaminated with iron (III) sulphate 
formed by oxidation and, hence, air-free acid should be used in this 
preparation. This compound is made commercially by evaporating 
the residual liquids from the pickling baths (originally containing 
sulphuric acid) used for dissolving out the oxide layer on mild sheets 
prior to galvanizing and tinplating. It is called in commerce “‘green 
vitriol” (gr sata), 

Properties and reactions. (1) Iron (II) sulphate is a light green, 
crystalline, efflorescent substance (4e., it loses water of hydration 
when exposed to air). 


(2) On exposure to the air it slowly turns yellow by partial oxi- 
dation to basic iron (III) sulphate. 
4FeSO, + 2H20 + Os > 4Fe(OH)SO4 
basic iron (II) sulphate 
(3) On heating, iron (II) sulphate first loses water of crystalli- 
zation at 300°C, and at higher temperatures decomposes into iron 
(II) oxide, sulphur dioxide, and sulphur trioxide, 


300°C 
FeSO4.7H40 ——~> FeSO4 + 7H30 t 


^ 
2FeSO4 ——-* Fe203 + SO2t + SOsf 


(4) Aqueous solutions of iron (II) sulphate readily absorb nitric 
oxide and turn black due to the formation of nitroso iron (II) sulphate 
FeSO4.NO. This substance decomposes on heating with the libera- 
tion of nitric oxide (ring test for nitrates). 


(5) Iron (II) sulphate forms a double salt with ammonium 
sulphate known as ferrous ammonium sulphate or Mohr's salt, 
FeSOq.(NH4)2SO4.6H20. This double salt is less soluble in water 
than ferrous sulphate and therefore can be obtained in a higher 
degree of purity. Moreover, in solution Mohr's salt is less readily 
oxidized by air. It is, therefore, used in volumetric analysis in 
preference to iron (II) sulphate. 


(6) It also forms double salts with the sulphates of alkali metals. 
These double salts may be represented by the general formula, 
FeSO,. R9S04.6H40, where R stands for the alkali metal. 

7)I II) sulphate is a powerful reducing agent and is itself 
En rd fu (III) sulphate in redox reactions. ‘Thus, it de- 
colourises acidified solutions of potassium permanganate in cold. 
5x[Fe2* > Fe8* + e7 (oxidation of FeSO4) 
MnO4- + 8H* + 56 > Mn?* + 4H30 (reduction of KMnO4) 


SFe? + MnO4^ + 8H* > Fe? + Mnêt + 4H20 


or, 10FeSOa + 2KMnO, + 8HaSOa 
> SFeg(SO4)a-- KaSO4- 2MnSO,4  8H2O 
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Uses. Iron (II) sulphate is used (i) as a deodorant, (ii) as a 
disinfectant, (iii) as a weed-killer, (iv) as a wood preservative, (v) in 
the manufactures of inks, dyes, and pigments, (vi)as a mordant in 
dyeing and tanning industries, (vii) as a substitute of aluminium 
sulphate in tbe purification of water. 


16. Iron (III) Salts 


16-1. iron (III) sulphate, ferric sulphate, Feo(SO4)3. Itis 
made by heating iron (II) sulphate with concentrated sulphuric acid. 


2FeSO4 + 2HeSOg > Fes(SO4)s + 2H20 + SOs 1 


Iron (HI) sulphate is a pale brown powder. It dissolves in water 
but the solutions are acidic owing to hydrolysis. It forms double 
sulphates or alums with the sulphates of monovalent metals or with 
ammonium sulphate. Of these, potash iron alum, K2SO4.Fe2(SO4)s. 
24H20, and ammonium iron alum, (NH4)2SO4.Fe,(SO4)3.24H20, 
are the best known, and both of these are exclusively used as mord- 
ants in dyeing. 

When heated strongly, iron (III) sulphate decomposes to give 
iron (III) oxide and sulphur trioxide. 


A 
Fea(SO4)s bum FesO3 + 3SOs f 


16-2, Iron (III) chloride, ferric chloride, FeCls, This is the 
most important and well known of all iron (III) compounds. 


Preparation. (1) The hydrated salt can be made by dissolving 
iron in hydrochloric acid in the presence of chlorine. On concen- 
trating and cooling, the solution deposits yellow crystals of iron (III) 
chloride hexahydrate, FeCls.6H20. 


to fume cupboard 


à iron powder 
chlorine 


sublimate of 
anhydrousFeCI, 


Fig. M-7. Preparation of anhydrous iron (III) chloride. 
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(2) The anhydrous compound is made by passing dry chlorine 
over heated iron, and condensing the iron (IIT) chloride, which sub- 
limes at 315°C, in a cooled receiver (Fig. 14-7). 


2Fe + 3Clo > 2FeCls 


Properties and reactions, (\) Iron (II!) chloride is not a salt 
(i.e., an ionic compound) but is covalent, as indicated by its volatility 
and solubility in non-polar solvents such as ether and alcohol. How- 
ever, it dissolves in water to give Fe* and CI” ions. 

(2) It is highly deliquescent and very soluble in water, forming 
a brown solution which gives an acid reaction by hydrolysis, and 
produces a colloidal solution of iron (III) hydroxide on standing. 

FeClg + 3H90 = Fe(OH)s + 3HCI 


(3) The vapour density of the anhydrous salt at 450°C corres- 
ponds to the formula FegClg. At higher temperatures the FegClg 
dissociate into FeCla molecules so that the vapour density progres- 
sively decreases on heating and corresponds to the formula FeClg at 
750°C. At higher temperatures the vapour density further decreases, 
probably due to the dissociation of iron (III) chloride into iron (IL) 
chloride and chlorine. 


750° above 750° 
FegC!y = 2FeClg = 2FeClo + Clot 


(4) Iron (IH) chloride forms a number of double salts, e.g., 
2KCI.FeCl3.H20, etc. 


(5) When heated in a current of hydrogen, iron (III) chloride is 
reduced to ferrous chloride. 


2FeCla + Ho > 2FeClo + 2HCI 
(6) Iron (III) chloride readily liberates iodine from potassium 
icdide solution, behaving as ap oxidizing agent. 
2FeClg + 2KI = 2FeCle + 2KCI + Io 


(7) On heating hydrated iron (111) chloride, iron (III) oxide is 
formed, water and hydrogen chloride being liberated in the change. 


A 
2[FeCls.6H20] —> FeoO3 + 9H20 + 6HCI 
Anhydrous iron (III) chloride, therefore, cannot be obtained by heat- 
ing the hydrated compound. i 
Uses. Hydrated iron (J11) chloride is used in medicine (i) to 


coagulate blood and thus stop bleeding, and (ii) in the treatment of 
anaemia. It is also used asa mordant, and in the manufacture of 


pigments and dyes. 
17. Distinction Between Iron (II) and Iron (III) 
Compounds 


Compounds of iron may be distinguished as iron (II) or iron 
(III) compour 4s by the tests given in table 14-2. 
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Table 14-2. Tests for iron (11) and iron (IIl) compounds 
Reagent Iron (II) salt solution Iron (III) salt solution 
1. Sodium hydroxide White ppt., turning green Reddish-brown, gelati- 
solution and then brown nous ppt 
2. Potassium ferro- White or pale-blue ppt. Deep blue ppt. 
cyanide solution. 
3. Potassium ferro- Deep blue ppr. Brown solution 
cyanide solution 
4. Potassium thic- No pronounced colour Blood-red colour 
cyanate solution change 
5. Hydrogen sulphide Black ppt. of FeS Pale yellow ppt. of 
sulphur 
LAB cet M3 ile c. 1 ot Sen IRE ele MT EINE NOT TEE 
IIl. COPPER 


18. Copper in Nature 
Copper does occur native but only infrequently. Its common 
ores are : 


(i) Sulphides such as copper glance, CugS, and copper pyrites or 
chalcopyrite, CuFeSs (or, CuS.FeS). 


(ii) Oxides, such as cuprite, CugO and melaconite, CuO. 


(iti) Carbonates, such as malachite, CuCOs.Cu(OH)s, and azurite 
2CuCOs.Cu(OH)s. 


The ore copper pyrites is the chief source of copper. 
19. Extraction of Copper 
19.1, From the oxide and carbonate ores, The /ow grade 


ores are leached with dilute sulphuric acid. Copper is extracted from 


the resulting copper sulphate solution either by electrolysis or by 
treatment with scrap iron. 


CuO + H2SO0; > CuSO, + H30 
(cuprite) 


CuCOs.C 
d i MH + 2H2SO4 + 2CuSO, + 3H20 + CO; 


CuSO4 + Fe > Cui + FeSO4 


High grade ores are heated with coke and a suitable flux. 
Copper oxide present as such or produced by the decomposition of 
the carbonate is reduced to metallic copper. 


CuCO; > CuO + COs1 
CuO + C > Cu + CO4 
19-2. From sulphide ores. The various steps are : 


(1) Concentration. The ore is mechanically ground to a fine 
powder and concentrated by flotation. 
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(2) Roasting. The concentrates are roasted in air at a red heat. 
As a result of this, (i) the impurities of arsenic and antimony volati- 
lize as the oxides AsO and Sb3Og respectively, (ii) copper pyrites 
are converted into copper (I) sulphide and iron (Il) sulphide, and 
(iii) part of the iron (I) sulphide is converted into iron (I) oxide. 


2CuFeSs + Oo —— CuS + 2FeS + SOot 
copper from copper(I) iron (II) 
pyrites air sulphide sulphide 
2FeS + 303 > 2FeO + 2SO2 t ; 
Thus, the roasted mass is a mixture of chiefly CugS, FeS, and FeO. 


... (3) Smelting (production of matte). The roasted ore is mixed 
with sand and smelted in a reverberatory furnace. Most of the remain- 
ing iron sulphide is converted into the oxide which reacts with the 
silica, forming a fusible slag of iron silicate, FeSiOs. 


FeO + SiOz > FeSiOg (Fusible slag) 


The slag floats over a molten layer consisting chiefly of copper 
(I) sulphide with a little iron sulphide, called matte. The upper layer 
of molten slag is continuously run off. 


(4) Bessemerisation (conversion of matte to blister copper). The 
molten matte is introduced into a Bessemer converted (Fig. 14-4) 
lined with lime or magnesium oxide. A pre-calculated amount of 
sand is added and a blast of air blown through the mixture. The 
iron (II) sulphide undergoes oxidation to produce iron (II) oxide 
which is removed as the ferrous silicate, FeSiOs, slag. 


2FeS + 303 — 2FeO + 28011 
FeO + SiO3 — FeSiOs 
After all iron is removed, the air blast begins to change copper 


(I) sulphide into copper (1) oxide which immediately reacts with 
unchanged copper (1) sulphide to give molten copper. 


2CusS + 302 > 2CusO + 2802 1 
CugS + 2Cu20 — 6Cu + SOs f 


The metallic copper then melts and sinks to the bottom of the 
converter. ]t is poured out into steel moulds. As it cools, the 
sulphur dioxide dissolved in it escapes, giving a blistered appearance 
to the solidified metal. Hence the product is called blister copper. It 
contains 97-98 per cent copper. 


(5) Refining of blister copper. Blister copper contains 2-3 per cent 
of various impurities, such as iron, nickel, zinc, lead, silver, gold, etc. 
It is refined by the following two processes : 


a. Furnance refining (poling). Blister copper is remelted in a 
reverberatory furnace in a stream of air. The impurities of sulphur, 
arsenic, antimony, lead, 7nd zinc volatilize as their oxides. Baser 


metals such as iron, nickel, etc. from a scum of oxides which is 
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skimmed off the surface. The molten copper is then stirred with polr” 
of green wood which chars giving off reducing gases. These ga:c 
reduce to copper any copper oxide formed. The product is 99'5 
per cent pure and suitable for the preparation of copper alloys. 


Very pure copper, needed for electrical use is obtained by ihe 
electrolytic method. 


b. Electrolyiic refining. Slabs of impure copper are suspended 
as anodes between the cathodes of thin pure copper sheets in a cell 
containing | 5 per cent copper sulphate solution acidified with sulphu- 
sric acid. When a direct current passes through the electrolyte, the 
Cu?* ions in solution migrate to the cathode and are discharged their 
as copper atoms (Cu?* + 2e" + Cu). The copper atoms from the 
anode lose two electrons and enter the solution as Cu?* ions 
(Cu—2e- — Cu?*). Thus, in effect, copper atoms are 'peeled off' 
the anode and deposited on the cathode. Impurities which are more 
active than copper (Zn, Fe, Ni, etc.) are also converted to their ions, 
However, these ions remain in solution while the ions of copper, low 
in the activity series, are more easily reduced at the cathode. The 
impurities of less active metals, such as silver and gold remains as 
their atoms and drop to the bottom as the copper atoms change to 
their ions at the anode. The fine particles of these metals collect as 
anode mud at the base of the anode. The anode mud is washed out 
of the electrolytic tank, dried, and worked. for the recovery of its 
gold and silver content. 


The electrolytically refined copper is about 99°95 per cent pure. 
The value of the precious metals recovered from the anode mud 
Nearly pays the cost of electrolytic refining. 


In India, Copper is being manufactured by Hindustan 
Copper Ltd, in Bihar, Madhya Pradesh and Rajasthan. 


20. Phyical Properties of Copper 


.l. Copper is a heavy (sp. gr. 8°94), lustrous metal with a 
reddish-brown tinge. It melts at 1083°C and boils at 2820°C, 


: 2. Jt is highly melleable and ductile, and can be easily fashioned 
into sheets, wires, and tubings 


3. It is an excellent conductor of heat and electricity, second 
only to silver in this respect. Jts electrical conductivity is greatly 
reduced by the presence of even traces of metal impurities. Hence, 
Copper for electrical purpose, must be extremely pure. i 


4. Copper readily alloys with many metals. 
21. Reactions of Copper 


1. Action of air. On standing in dry air at room temperature 
Copper is very slowly tarnished due to the formation of an extremely 
thin film of oxide on the surface which prevents ii from further 
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Oxidation. When heated strongiy in air copper is converted into 
black copper (Il) oxide, CuO. In moist air, a greenish deposit of 
basic copper carbonate, CuCOs.Cu(OH)s, is formed on its surface 
by the combined action of moisture, oxygen, and carbon dioxide. 
2Cu + H20 + Os + CO2 > Cu(OH)e CuCOs 
2. Action of water, Copper does not react with water at any 
temperature. It dissociates steam at while heat to a very small extent. 
.. 9. Combination with non-metals. Copper readily combines 
with chlorine and sulphur at higher temperatures forming CuCl, and 
Cus respectively. 
f 4. With acids, Being low in the electrochemical series, copper 
is not capable of displacing hydrogen from acids. It is unaffected? by 
dilute hydrochloric and sulphuric acids in the absence of air, but it 
dissolves readily in nitric acid of ail concentrations. 
Dilute acid; 3Cu + 8HNO3 > 3Cu(NOs3)2 + 4H,0 + 2NO 
Conc. acid: Cu + 4HNOs + Cu(NO3)e + 2H20 + 2NOz 
In the presence of air copper slowly dissolves in dilute hydro- 
chloric acid and dilute sulphuric acid forming the corresponding sait 
and water. 
2Cu + 4HCI + Os — 2CuCle + 2H30 
2Cu + 2H2SOq + O2 — 2CuSO, + 2H90 


With hot concentrated sulphuric acid, copper gives copper sulphate 
and sulphur dioxide. 


4 
Cu + 2H$S0, > CuSO, + 2H$0 + SOs 
5, Reducing action. In the above reactions, copper reduces 
nitric acid to NO or NO% and sulphuric acid to SOs. Copper also 
reduces iron (III) salts to iron (II) salts. 
2Fe8+ + Cu — 2Fe?* + Cu?* 
€g., 2FeCla + Cu — 2FeCle + CuCl 


6. Displacement of ır stals. Copper displaces less electro- 
positive metals such as silver, mercury, etc., from the solutions of 
their salts. For example, 

Cu + 2AgNOs — Cu(NO3)2 + 2Ag i 
Cu + HgCle > CuCl + Hg} 

7. Formation of complexes. |n the presence of air copper 
dissolves in aqueous solutions of ammonia and sodium (or potassium) 
cynide forming soluble complexes. 

Cu + 4NH3 + H3O + [O] > [Cu(NH3)](OH)e 


tetrammine copper (11) 
hydroxide 


Cu + 4KCN + H:0 + [O] > Ks[Cu(CN),] + 2KOH 
potassiun tetracyano- 
cuprate (11) 
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22. Uses of Copper 


Owing to its attractive appearance, excellent workability, high 
thermal and electrica] conductivity, resistance to corrosion, and its 
readiness to form alloys with other metals, copper is a metal of 
multifarious uses. Its important uses are : 


(i) For making electrical wiring and other electric equipment. 


(ii) For the manufacture of steam pipes, chemical plants, 
vacuum pans, calorimeters, condenser tubes, automobile radiators, 
boilers, and condensers in locomotives and ships. 


(iii) As a roofing material for covering bottoms of wooden 
ships, and for roofing gutters, conductor pipes, etc. 


(iv) In copper plating and electrotyping. 


(v) For manufacturing alloys such as the bronze, brass, German 
silver, gun metal, bell metal, etc. 14-Carat gold has 30 per cent 
copper, added for hardening. 


(vi) For the manufacture of copper eompounds. 


23. Compounds of Copper 


Copper forms two series of compounds : copper (I) or cuprous 
in which it is monovalent and copper (II) or cupric in which it is 
divalent. Both cuprous any cupric compounds are more commonly 
formed covalently rather than electrovalently. At high temperatures 
copper (II) salts are less stable than copper (I) salts and change into 
the corresponding copper (I) salts. Copper (II) salts containing 
weakly electronegative anions, e.g., 1, CN'^, CNS", etc., decompose 
instantaneously into the corresponding copper (I) compounds. This 
is because such anions readily transfer one electron to the copper 
(II) ion which has only 17 electron in its now outermost shell and 
hence, ready to accept an electron. When the electron transfer has 
taken place, the free radicals or atoms from the anions unite in pairs 
to form covalent molecules. For example, 


Cutt +17 > Cut + D;Ic 1l; 


Copper (I) and copper (II) ions are related each other in 
solution as 2Cu* = Cu?* + Cu. 


Copper (II) salts are often named as simply copper salts. 
24. Copper (I) Oxide, Cuprous Oxide, Cu,O 
Preparation. It is best prepared by boiling alkaine copper 


sulphate solution or better still, Fehling's solution (CuSO, + NaOH 


4 sodium hydrogen tartarate) with a reducing agent e.g., glucose. 
2CuSO, + 4NaOH + 2[H] > CuO} + 2NaeSO¢ + 3H20 


— 


PTS NE M 
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_ Properties. It is a yellow or red powder depending on the 
particle size. It is insoluble in water but dissolves readily in ammonia 
solution in the absence of air giving a colourless solution containing 
diammine copper (I) hydroxide, [Cu(NH3)g] OH. It also dissolves in 
acids forming copper (I) salts which are stable only if they form a 
complex with the acid as in the case of hydrochloric acid. 

CuO + 2HCI — 2CuCl |. + HO 


CuC| + HCl - Hl[CuCh] 
cuprochlorous acid 


The copper (I) salts formed with sulphuric acid and nitric acid 
are unstable in solution and immediately decompose into the corres- 
ponding copper (II) salt and copper. 

CugO + H2SO4 — CuSO, + Cu + H3O 
CusO + 2HNO; > Cu(NOsh + Cu + H30 

Uses. (1) For making red glass. (2) In the manufacture of 
metal rectifiers. 

25. Copper (II) Oxide, Cupric Oxide, CuO 

Preparation. |t is made by heating copper (ID) hydroxide, 
carbonate or nitrate, or by heating the metal to about 800°C in air 
or oxygen. 

Cu(OH) > CuO + H20 f 
CuCOs + CuO + COs1 
2Cu(NO3)2 > 2CuO + 4NOs t + Ost 
2Cu + Og + 2CuO 

Properties. Ìt is a hygroscopic black powder, insoluble in 
water. It decomposes above 1000°C into copper (1) oxide and oxygen. 

4CuO = 2CusO + Os 

It is a mild oxidizing agent and when heated with organic 
substances, it oxidizes their carbon to carbon dioxide and hydrogen 
to water. 

CuO + He > Cu + H30 
2CuO + C + Cu + CO? 

Being a basic oxide it dissolves readily in acids forming 
copper (II) salts. For example, 

CuO + H504 > CuSO, + H20 

Copper (ID oxide dissolves in ammonia solution forming 
tetrammine copper (1I) hydroxide, [Cu( NH3)4K(OH)o. 

Uses. (1) In organic analysis for the detection and estimation 


of hydrogen and carbon. (2) In petroleum refining. (3) In making 
blue glass and ceramics (it produces blue colour due to the forma- 


tion of copper (II) silicate). 
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26. Copper (II) Hydroxide, Cupric Hydroxide, 
Cu(OH), 


This is formed as a gelatinous pale-blue precipitate when sodium 
hydroxide solution is added toa copper (II) salt solution. For 
example, 

CuSO, +2NaOH — Cu(OHJo | + Nas804 

When suspended in water and boiled it changes to black hydra- 
ted copper (II) oxide. It dissolves in acids forming corresponding 
copper (II) salts and in ammonia solution forming [Cu(NH3)4I(OH)s. 

Uses. The solution of copper (II) hydroxide in ammonia diss- 
olves cellulose and is used in making artificial silk. The solution of 
cellulose is squirted through fine jets into an acid bath when the 
cellulose is precipitated as fine, long threads. These threads are 
washed, dried, and woven into cloth. 


27. Copper (I) Chloride, Cuprous Chloride, CuCl 


Preparation. (1) By heating copper (II) oxide, copper (H) 
chloride, or copper (11) sulphate with excess of copper turnings and 
concentrated hydrochloric acid. 

CuO + Cu + 2HCI + 2CuCl + H20 
CuCle + Cu —> 2CuCIl 
CuSO, + Cu + 2HCI — 2CuCI + HeSO4 
Copper (II) chloride dissolves in excess of hydrochloric acid 


forming a soluble complex H[CuCls] but separates as a white 
precipitate on puring the solution into a large excess of cold water. 


(2) By passing sulphur dioxide through a mixture of copper 
(I1) sulphate and sedium chloride solutions. 
2CuSO, + 2NaCI + SO» + 2H30 > 2CuCI |. + 2NaHSO, +He2SO4 
Properties. (1) It is a white crystalline solid, almost insoluble 
in water. 


(2) It dissolves readily in concentrated hydrochloric acid 
forming H[CuCls], and in ammonia solution forming [Cu(NHg)s]Cl. 
These solutions absorb carbon monoxide which forms colourless 
erystals of the carbonyl compound, CuCl.CO.2H30. 


(3) In moist air, it is slowly oxidized to green basic copper (II) 
chloride, 3CuO.CuCl».3H40. 


(4) Oxidizing agents convert it into copper (II) chloride. 
2CuCI + 2HCI + [O] > 2CuCls + H2O 


(5) An ammoniacal solution of copper (1) chloride reacts with 
acetylene to form a red precipitate of copper (I) acetylide, CusCs. 


HCSC.H + CusCl;--2NH40H + Cu.C=C.Cu |, +2NH4Ci+2H20 
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(6) It reacts with sodium hydrozide to give a yellow precipitate 
of copper (I) oxide which turns red on boiling. 


CuzCle + 2NaOH —> Cu;O } + 2NaCI + HO 
(7) With HsS, it gives black copper (I) sulphide. 
CugCle + HeS > CuS 4 + 2HCI 


: Structure. Copper (I) chloride is largely a covalent compound. 

| sa very poor conductor in the fused state. Its vapour density at 
17.,0°C corresponds to the double molecules CugClg. In the crysta- 
liine state it possesses non-ionic space lattices. 


Uses. (1) In the gas analysis for absorbing carbon monoxide 
and acetylene, 


(2) In the Sandmeyer reaction. 
28. Copper (II) Chloride, Cupric Chloride, CuCl, 


Preparation, The anhydrous salt is made by the action of dry 
chlorine on heated copper. Hydrated salt, CuCls.2H30, is obtained 
by dissolving copper UÍ) oxide, CuO, or the basic copper carbonate, 
Cu(OH), CuCOs, in concentrated hydrochloric acid, and concen- 
trating the solution to the crystallization point. 


Properties. The anhydrous salt is a brown powder; the hydra- 
ted salt is in the form of green crystals which are deliquescent. 


When heated to 800°C, the anbydrous salt dissociates into 
copper (1) chloride and chlorine. 


2CuCls > 2CuCI + Cle 


The solucion of copper (II) chloride in concentrated hydrochlo- 
ric acid is brownish-yellow owing to, the preponderance of [CuCl] 
ions. On adding water, the solution becomes green because of the 
formation of the complex ion [Cu(H20)4]?* which is blue. On further 
dilution, the solution turns pale blue owing to the preponderance of 
blue [Cu(H3O)4]** ion. These colour changes are reversed on adding 
the concentrated hydrochloric acid. 


In conc. HCL: Cu$* + 4CI^ = [CuCHI?" yellow 

In dilute HCI: Cu?* + 4C1- = [CuCl]? s) green 
Cut  4HgO = [Cu(H;O)4?* blue 

In water : Cu?* + 2H30 = [Cu( H20)4]?* blue 


29. Copper (II) Sulphate, CuSO, 


Preparation. It may be prepared by the action of sulphuric 
acid on copper, its oxide, hydroxide, or carbonate. On a commer- 
cial scale, it is made by spraying hot dilute sulphuric acid on to 
copper turnings packed in a lead-lided tower up which a current of 
air is blown. 


2Cu + 2HsSO4 + Os (air) > 2CuSO4 + 2H30 
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The liquid flowing out of tower is recirculated until all the 
acid is used up. It is then concentrated by evaporation when copper 
sulphate crystallizes out as deep blue pentahydrate, CuSO4.5H,0, 
called blue vitriol. 

It is also manufactured by the controlled roasting of copper 
pyrites, CuFeSs, in air and leaching out the resulting copper sulphate 
with water. Ferric oxide is left behind. 


4CuFeSe + 1502 > 4CuSOq + 2Fe203 + 4802 1 


Properties. (1) It is a blue crystalline substance readily soluble 
in water. Its aqucous solution behaves acidic towards litmus due to 
hydrolysis. 

(2) Action of heat. On heating, it loses four molecules of water 
of crystallization at 100°C and then the fifth one at 230°C. The 
anhydrous salts decomposes at 750°C to give copper (II) oxide and 
sulphur trioxide. 

100°C 250°C 750°C 
CuSO,.5H;O z> CuSO,.HO 7> CuSO, > CuO + SOs 


The anhydrous salt regains blue colour when moistened with water. 


(3) It forms double salts with alkali sulphates. For example, 
KeSOg.CuSO4.6H20 and (NH4)2SOq.CuSO4.6H20. 


(4) Action of alkalis. Caustic alkalis precipitate bluish-white 
copper hydroxide form solutions of copper salts. 


CuSO, + 2NaOH —> NaSO; + Cu(OH)e + 


With ammonium hydroxide, the precipitate of copper hydroxide first 
formed dissolves in excess of ammonium hydroxide yielding a deep 
blue solution of tetrammine copper (II) sulphate, [Cu(NHg)4].SO4. 
This solution, called Schweizer's reagent, is used for dissolving 
cellulose in the manufacture of artificial silk. 


(5) It reacts with soluble iodides to give copper (I) iodide and 
iodine. 
CuSO4 + 2KI > K550, + Cul? 
2Cul  - Curls + Io 
copper (II) iodide ^ copper (1) iodide 


Structure. In copper sulphate pentahydrate, four of the water 
molecules are co-ordinated to the cupric ion; the fifth one is attached 
to the sulphate ion and to two of the co-ordinated water molecules 
by hydrogen bonds (dotted lines). 


57° ‘u(H20)4].SO4.H20 
Sug [Cu( H»O)4].SO4-H»! 
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Uses. (1) In electroplating, electrotvping, and electrorefining 
of copper, and in electric batteries. 


(2) As a mordant in dyeing and calico printing. 
(3) For preserving timber, 


(4) As a fungicide for fruit trees. For this purpose it is applied 
as solution mixed with milk of lime (Bordeaux mixture). 


(5) In the preparation of other compounds of copper. 


(6) Anhydrous copper sulphate is used for the detection of 
water and for the preparation of absolute alcohol. 


30. Copper (II) Nitrate, Cu(NOs), 


It is prepared by dissolving copper, or its oxide or carbonate in 
nitric acid. On concentrating the solution, copper nitrate crystallizes 
out with three molecules of water of crystallization, as deep blue 
crystals. 


is On strong heating, it decomposes and leaves a residue of cupric 
oxide. 


A 
2Cu(NOs)s > 2CuO + 4NO» t + Ox t 
31. Copper (II) Sulphide, CuS 


It is obtained as a black precipitate when hydrogen sulphide is 
passed through the solution of a copper salt, e.g., copper sulphate. 


CuSO, + H:S > CuS} + HeSO4 
It dissolves in hot, dilute acids forming the corresponding copper 
salts with the liberation of hydrogen sulphide. 


III. ZINC 

32. Zinc in Nature 

Zinc occurs only in the combined form. Its ores are widely 
distributed in nature. The important ores of zinc include the— 

(i) sulphide ore, ZnS, called zinc blende, 

(ii) carbonate ore, ZnCOs, called calamine, 

(iii) oxide ore, ZnO, called zincite, and 

(iv) silicate ore, 2ZnO.SiOs or Zn2SiO4, called willemite. 


33. Extraction of Zinc 


1, Distillation process, This process consists in converting the 
zinc compound in the ore to zinc oxide and reducing the latter to 
zinc by heating with carbon at 1300—1500*C 


ZnO +C ^ Zn + COt 
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The sulphide ores are converted to zinc oxide by roasting at 
80U—1100°C in excess of air 


2ZnS + 30$ — 2ZnO + 2S0s 1 
(in zinc blende) 


The carbonate ore, calamine, gives oxide by simple calcination. 
ZnCO3 —> ZnO + COs f 


Reduction of zinc oxide, Briquets made of zinc oxide 
(roasted ore), powdered coke (reducing agent and fuel), and clay 
(binder) are fed into a vertical retort made of sheet steel and lined 
with firebrick. The retort is heated externally to 1400-1500°C. The 
zinc vapour and carbon monoxide pass out through the exit near the 
top into the condensers where zinc condenses to give spelter. Carbon 
monoxide passes out and is used for heating the retorts. Fresh charge 
n cantauen fed into the retort through the charging door (Fig. 

-8). 


waste gases 


producer gas 4 air 


—— waste gases 


Fig, 14-8. The continuous vertical process for smelting 
of zinc. - 
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The crude zinc obtained contains small amounts of cadmium, 
arsenic, iron and lead as impurities. It is purified by two methods : 


(i) By repeated distillations under reduced pressure. The zinc 
vapour condenses to the metal of 99°99 per cent purity. Impurities 
are left behind. 


(ii) By electrolytic refining. A slab of impure zinc is made the 
anode while pure zinc plate is made the cathode in an electrolytic 
bath of zinc sulphate solution acidified with sulphuric acid. On 
electrolysis, pure zinc from the electrolytic bath deposits on the 
cathode from which it is scrapped off at intervals. An equivalent 
amount of zinc from the anodes passes into the electrolyte. 


2. Electrolytic process, This process consists in producing 
a solution of zinc sulphate from the ore which is then electrolysed to 
obtain zinc, The various steps are : 


i. Production of zinc sulphate solution. The ore is roested in 
special furnaces under such conditions that zinc sulphide is oxidized 
mainly to zinc sulphate, ZnSO4. A little zinc oxide is also formed. 
The roasted ore is Jeached with sulphuric acid to dissolve the zinc 
sulphate and zinc oxide, which is also converted into zine sulphate. 
The acid also dissolves the sulphates (except silver sulphate and 
lead sulphate) and the oxides of other metals present as impurities in 
the ore. 


ii. Precipitation of impurities. The resulting solution is treated 
with powdered zinc which displaces copper, cadmium, arsenic, anti- 
mony, etc. Manganese and iron are precipitated as hydroxides by 
adding lime. 


iii. Electrolysis. The purified solution of zinc sulphate is 
electrolysed using aluminium cathodes, lead anodes, and a high 
current density. Under these conditions only zinc ions are dicharged 
atthe cathode where the pure metal is deposited, Sulphuric acid is 
regenerated as electrolysis proceeds and is used in the leaching of 
more roasted ore. The overall reaction is : 


2ZnSO4 + 2H$0 — 2Zn + 2H980, + Ost 


At intervals, the cathodes are removed and the deposited zinc 
(m.p. 419:59C) separated from aluminium (m.p. 660°C) by melting. 
Molten zinc is cast into ingots. 


Electrolytic process has the following advantages : 
(1) It supplies zinc of 99°95 per cent purity. 
(2) It can be applied to low grade ores. 


(3) It permits recovery of any precious metals which are 
present as impurities. 
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34. Physical Properties of Zinc 


Zinc is a bluish white, lustrous metal, m.p. 419°5°C, b.p. 907°C, 
soft enough to be marked with a knife. It is brittle at ordinary tempe- 
rature but between 100-150°C it is both ductile and malleable. In 
this temperature range it may be drawn into wires or rolled into thin 
sheets and the metal does not become brittle on cooling. Zinc isa 
retalively poor conductor of heat and electricity, its conductivity 
being about one quarter that of silver in each case. 


35. Reactions of Zinc 


(1) Action of air. In moist air zinc becomes coated with a dull 
grey film of oxide and basic carbonate which protects the metal from 
further corrosion. 


(2) Burning. When heated strongly in air or oxygen, zinc burns 
to oxide, ZnO. 
2Zn + Os > 2ZnO 
(3) Action of water. It decomposes steam at red heat forming 
zinc oxide and hydrogen. 
Zn + H20 > ZnO + Het 
(4) Action of acids. Pute. zinc reacts hardly at all with dilute 


acids as a protective layer of hydrogen adheres on the surface. Impure 
zinc readily displaces hydrogen from dilute HC! or H3S0,. 


Zn + HeSOg(dil.) + ZnSO4 + Ha f 
When heated with conc. H2SOx, zinc gives sulphur dioxide. 
Zn + 2H»80, > ZoSOg + 2H20 + SOot 

The solution on concentration deposits crystals of ZnSQ4.7H20. 

With HNO3 it reacts forming zinc nitrate and a reduction pro- 
duct of nitric and depending on its concentration. 

i. With very dil. HNOs, ammonium nitrate is formed. 

4Zn + I0HNOs — 4Zn(NOs)3 + NH4NOs + 3HaO 


ii. With dil. HNO3, nitrous oxide is evolved. 
4Zn + I0HNOs > 4Zn(NOs); + 5HsO + N20 1 
iii. With conc. HNOs, nitrogen dioxide is formed. 
Zn + 4HNO3 > Zn(NOs)e + 2H2O + 2NO21 
(5) Action of alkalis. Zinc dissolves in boiling aqueous solutions 
of NaOH or KOH forming zincates and hydrogen. 
Zo + 2NaOH —-- NagZnO; + Hat 


Sodium zincate 
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(6) Combination with non-metals. Zinc combines exothermi- 
cally with the halogens, sulphur, and phosphorous, At red. heat it 
decomposes ammonia forming zinc nitride, ZngNe. 


Zn + Cla — ZnCls (anhydrous zinc chloride) 


A 
3Zn + 2NH3 > Zn3Ns + 3H2 f 


(7) Displacement reactions. Zinc displaces less electropositive 
metals, e.g., silver, from their salts in aqueous solution. 


Zn + 2AgNOs > Za{NOg)e + 2Ag 4 
36. Uses of Zinc i 


. ) For roofing, because ofits resistance to corrosion, and in 
die casting. 


(2) For making cathode containers of dry ceils. 


(3) In the metallurgy of silver and gold by the cyanide process 
and for the desilverization of lead by Parke's process. 


(4) As a reducing agent. Zinc dust, Zu/HCI, zinc-copper couple, 
etc, are used as reducing agents in the laboratory and in the manu- 
facture of drugs, dyestuffs, perfumes, etc. 


(5) For making alloys, e.g , brass, German silver (a white, soft 
alloy wito high electrical resistance), Babbitt metal (an antifriction 
alloy), etc. Zinc based alloys are used in die castings, automobiles, 
and in the fabrication of domestic and office articles. 


(6) For making zinc compounds of commercial importance, 


(7) For galvanizing iron and steel to prevent rusting. 


36-1. Galvanizing. The process of depositing a protective coat- 
ing of zinc on iron and steel to prevent rusting is called galvanizing 
while the product is known as galvanized iron or steel. The protective 
action of zinc depends upon the formation of a protective film of 
basic carbonate upon its surface. Furthermore, being a more active 
metal it corrodes first keeping the less active iron protected, 


Before galvanizing, iron or steel is cleaned and freed from 
grease and tarnish. The metal is first washed with hot alkali solution 
to remove the grease. The oxide film is removed by ‘pickling’ in an 
acid bath (dilute sulphuric or hydrochloric acid). It is then galvanized 
by one of the following methods : ; 

(a) Hot galvanizing method. The sheet iron or wire is dipped 
into molten zinc and then run through hot rollers to remove super- 
fluous zinc. Thus a thin and uniform coating of zinc is obtained. 

(b) Etectrogalvanizing (cold galvanizing). This method involves 
the electro-deposition of zinc on iron The article to be galvanized 
is made the cathode and zinc rod the anodc ina plating bath of 
acidified sulphate- 
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(c) Sherardizing. 1n this process, the articles are packed in a 
revolving drum with zinc dust and heated to 400*C for several 
hours. Under these conditions, the zinc dissolves in the surface of 
iron, forming a corrosion-resistant alloy. This method is mainly 
employed for galvanizing articles of intricate shapes e.g., bolts, 
pulleys, ete. 

(d) Metallizing. This process consists in spraying atomized 


zinc with great force against 1ron objects. This results in the forma- 
tion of a firmly-adherent coating of zinc on the objects. 


COMPOUNDS OF ZINC 
37. Zinc Oxide, ZnO 


Preparation. By burningzinc in air when zinc oxide is formed 

as a dense white smoke. 
2Zn + Os > 2ZnO 

Properties, It is a white, loose powder, commonly called Philo- 
sopher's wool. It dissolves in acids (H*) to give zinc salts (Zn?*) and 
in alkalis (OH-) to give zincates (ZnO). It is therefore, an ampho- 
teric oxide i 
ZnO + 2H* — Zn?* + H20; ZnO + 20H^ > ZnO? + H:O 

Uses. (1) It is used asa white paint pigment under the name 
zinc white. It gives the truest white colour unaffected by H»S. 


(2) On account of its toxicity, it is used as an antiseptic in white 
medical adhesive tapes and in skin ointments. 
(3) It is also used as a filler in automobile tyres. 


(4) It is used in making oil cloth, certain types af glazes, ena- 
mels, and special types of glass. 


38. Zinc Chloride, ZnCl, 


Preparation. It is prepared by dissolving zinc, its oxide, hydro- 
xide, or carbonate in hydrochloric acid. The sclution on evaporation 
in presence of excess acid deposits crystals of the mono-hydrate, 
ZnCle.HaO. In the absence of free acid, however, basic salts, 
Zn(OH)CI and Zn;OCls, are formed due to hydrolysis. 

Anhydrous zinc chloride is obtained (i) By heating zinc 
in a stream of chlorine or dry hydrogen chloride. 

(ii) By distilling zinc with mercuric chloride. 

Zn + HegCle > ZnClg + Hg f 

(iii) By heating the double salt ZnClo.3NHyCl in a current of 
dry hydrogen chloride. 

Properties. (1) Anhydrous zine chloride is a very deliquescent 
white solid. It dissolves in water exothermically giving an acidic 
solution due to hydrolysis. 


ZnCle + H20 + Zn(OH)C! + HCI 
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(2) It is also soluble in alcohol, ether and, acetone. This 
property, as also the low conductivity of molten zinc chloride, point 
towards its partly covalent character. 


.. (3) On heating the hydrated salt, oxychloride is first formed 
which yields the oxide on strong heating. 


ZaClg.H2O —> ZnCle --H30 
ZnCl? + H20 > Zn(OH)CI + HCI 4 
Zn(OH)CI + ZnO + HCI f 


Uses. (1) Anhydrous zinc chloride is used asa dehydrating agent 
in organic chemistry. (2) As a flux in soldering to remove oxide 
films from metal surfaces, owing to the acidic nature of moist ZnClo. 
(3) Asa wood preservative since, being toxic, it destroys termites 
and other injurious insects. (4) Mixed with moist zinc oxide it gives 
a hard mass of zinc hydroxychloride, Zn(OH)CI, used for filling 
teeth in dentistry. (5) In the manufacture of fibreboard which is a 
gelatinous mass produced by the action of concentrated solution of 
zinc chloride on cellulose. It can be moulded into any shape and is 
used in making boxes, trays, insulating material, etc. 


39. Zinc Sulphate, White Vitriol, ZnSO,.7H,O 


Preparation. It may be prepared by concentrating a solution of 
zinc, its oxide, or carbonate in dilute sulphuric acid and cooling the 
solution below 40°. 


Properties. It is a white crystalline substance very soluble in 
water. It is isomorphous with the heptahydrated sulphates of iron 
nickel, cobalt magnesium, manganese, and cadmium. When heated 
it changes thus : 


A 100° 250°C 
Zn$04.7H20 == ZaS04.6H120 =» ZnSO,HsO frz ZnSOs 
3 A ^ 750°C 
ZnO + SOst 


Uses. (1) In the preservation of hides, (2) As a mordant, (3) 
In eye lotions, and (4) In making /ithopone. 


40. Zinc Sulphide, ZnS 


Preparation. It occurs in nature as zinc brende. It is the only 
sulphide among those of ordinary metals whichis both white and 
extremely insoluble. In the laboratory it is prepared by passing 
hydrogen sulphide through neutral solutions of zinc salts or ammo- 
niacal solutions containing ammonium chloride. It may also be made 
by heating zinc metal with sulphur. 


Properties. It is a white substance insoluble in water. It 
dissolves in mineral acids forming corresponding zinc salts with the 
liberation of hydrogen sulphide. 


ZnS + H$80, > ZnSO; + HS f 
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Uses, (i) It is used as a white pigment, either alore or mixed 
with zinc oxide. Lithopone, an important white paint pigment, is & 
mixture of zinc sulphide and barium sulphate. It is precipitated by 
mixing solutions of zinc sulphate and barium sulphide. 


BaS + ZnSO4 — BaSO, | + ZnS | 
(ii) Zinc sulphide containing traces of impurities such as man- 


ganese or copper is phosphorescent, and is used for the manufacture 
of luminous paints. 


41, Zinc Carbonate, ZnCO, 


Preparation. Zinc carbonate occurs in nature as calamine. Ia 
the laboratory, it may be prepared by adding an aqueous solution of 
sodium bicarbonate to the solution of a zinc salt. 


ZnSO4 + 2NaHCOs > ZnCOs; | + Na3804 + H3O + COs1 
Zn?* + 2HCOs- — ZnCOs~ | + H20 + CO» 1 


Addition of the normal carbonate instead of the bicarbonate results 
in the precipitation of basic zinc carbonate, ZnCOs.2Zn(OH)s.H30. 


Properties. It is a white powder which readily decomposes on 
heating (ZnCO3 > ZnO + COg?*). It dissolves in acids forming 
zinc salts (e.g., ZnCOs + 2HCI > ZnClp + H30 + CO» f ). 


. Uses. It is used in making cosmetics, e.g., calamine lotion (1 g 
zinc carbonate, 5 ml lime water, 12 ml glycerine, and 30 ml water). 


Questions 


1. Account for the following : 


(a) Transition metals show horizontal similarities in physical and chemical 
properties. 


(b) Iron shows valencies of +2 and +3, but zinc is consistently divalent. 
(c) The Fe** and Cu'* ions are coloured; Zn*+ ion is colourless. 
(d) Most transition metals are paramagnetic. 


2. Write down the electronic configurations of iron, copper, and zinc, and 
on their basis, explain the valencies exhibited by these elements. 


3. (a) Describe the extraction of iron from hematite. Give only the reactions 
that occur, 


i (b) What are the main products of the blast furnace for the extraction of 
(ron. ` 


4. (a) Describe the manufacture of steel by any one process. 
(b) Write an explanatory note on the heat treatment of steels. 


5, Describe the electric furnace for the manufacture of steel. Mention three 
metals used for the manufacture of alloy steels. What is the essential difference 
between steel and wrought iron? 


6. (a) Explain the process of the rusting of iron. 
(b) Describe briefly the methods for the prevention of rusting. 


d 
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7. (a) Give the preparation, properties, and uses of (a) ferrous sulphate, and 
(b) ferric chloride. 


(b) Give any three tests for distinguishing between iron (II) and iron (III) 
compounds. 

8. (a) List the names and formulae of three ores of copper. 

(b) How is copper extracted from copper pyrites. 

(c) How is copper refined electrolytically ? Explain the process. 

(d) List the important uses of copper metal. 


9. How is copper sulphate indusirially made? Describe its reactions with 
alkalis, ammonia, and potassium iodide. What are its important uses? Draw its 
structure, 


10. (a) Mention the names and formulae of the carbonate, oxide, and 
sulphide ores of zinc. 


(b) Describe any process for the extraction of zine from its ores. 


(c) Give chemical equations for the reactions of zinc with f. dilute nitric 
acid, ji. concentrated nitric acid, ///. boiling aqueous solution of sodium hydro- 
xide, and iv. an aqueous solution of silver nitrate. 


(d) Mention two important uses of zinc, 
11. (a) Write an explanatory note on ‘galvanizing’. 
(b) Give the preparation, properties, and uses of any two of the following : 


i. Zinc oxide iii, Zinc chloride 
li. Zinc sulphate iv. Zinc carbonate. 


oa 
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Lanthanides and Actinides 


Within the third transition series (elements 57,72-80), there is yet 
another series of 14 elements (atomic numbers 58-71) called the 
rare earths or lanthanides. They are characterized by the filling of 
the antepenultimate 4f energy level while the outermost shell has 2 
electrons (6s*), and the next inner one has 9 electrons (5s*5p'Sqd!). 
The 4f level begins to be built up with one electron at Ce (58) and, 
becomes complete with 14 electrons at Lu(71). Owing to the 
identical electron configurations of the two outer shells, all lantha- 
nides are extremely alike. Hence, they are placed in the same space 
in the periodic table, corresponding to the atomic number 57, 
whichfis that of lanthanum. 


Corresponding to the lanthanides in the sixth period are the 14 
elements following actinium (89) in the seventh period whose atoms 
build up the 5f'sublevel. These elements are called the actinides. 
They are all placed in the same space in the periodic table along 
with actinium (89). 

Since in the atoms of the lanthanides and actinides both the 
electrons are added to the fsublevel of the antepenultimate shell, 
they are grouped as the f-block elements. Owing to their occurrence 


within the transition series, they ate also called the inner transition 
elements. 


I. LANTHANIDES (THE CERIUM FAMILY) 


1, General Features of the Lanthanides 


1. Electronic configuration, The lanthanides are situated in 
period 6, their atoms having six electron shells each. The electron 
configuration of the two outer shells is the same in all the lantha- 
nides—5s?5p*54!, 6s?. Their antepenultimate shell, i.e., the fourth 
Shell has completed s, p, and d levels while the number of electrons 
„in the f-level regularly increases from 1 to 14 as the atomic number 
increases by one. 


(180) 
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Table 15-1 Electron configurations of the lanthanides* 
Element At. No. Electron configuration 
Ce 58 ls? 2532p* 3s?3p'3d'" 4s'4p*4d!? 4f! Ss*5p'Sq! 6s* 
Pr 59 Af* Ss5p'sq! 6s* 
Nd 60 4f* 5s*Sp*Sd' 6s* 
Pm 61 aft Ss*5p*Sd* 6s* 
Sm 62 4f* Ssesp'sd! 6s* 
Eu 63 4f* Ss5p'Sq* 6s* 
Gd 64 Af! 5s*5p*5d* 6s* 
Tb 65 4f* Ss*Sp*Sd* 65? 
Dy 66 Af* Ss*Sp*Sd) 6s* 
Ho 67 Afio 5s!5p'Sq' 6s* 
Er 68 4f" Ss!5péSq! 65* 
Tm 69 4f" Ss'5p*Sq! 6s? 
Yb 70 4f'* Ss*5p'Sd* 6s* 
Lu 71 4f" 5sp'Sq! 6s* 


2, Valency and type of bonding. The u:ual valency of the 
lanthanides is +3 which is shown by all members The sum of their 
first three ionization energies being quite low, they form M* ion, 
which dominates their chemistry. The trivalent metal ion, M9*, is 
formed by utilizing the two 6s electrons and one 5d electron. Many 
trivalent lanthanide ions are strikingly coloured both in the solid 
state and in aqueous solution, Some of the lanthanides have ano- 
malous valencies of +2 and +4. However, the M?* and M$* ions 
that do occur are always less stable than M3* ior. 


3, Physical Properties. The lanthanides are high-melting, 
silvery-white, lustrous metals. They are ductile, are of relatively 
low hardness, and are close to mercury in electrical conductivity. 


4, Chemical properties. The lanthanides, along with lan- 
thanum, come after the alkali and alkaline earth metals. They are all 
electro-positive and quite reactive, comparing with magnesium in 
reactivity. 

(i) Action of air. Though quite stable in dry air, the lanthanides 
rapidly tarnish in moist air. When heated to 200* —400*C they ignite 
in air and burn, forming mixtures of their oxides and nitrides. 
Powdered cerium is pyrophoric, ie., ignites spontaneously in air in 
normal conditions. 


*The names of the lanthanides from 58 to 71 are Cerium, Praseodymium, 
Neodymium, Promethium, Samarium, Europium, Gadolinium. Terbium, Dyspro- 
sium, Holmium, Erbium, Thulium, Ytterbium, and Lutetium. It may be noted 
that the electron configurations of the lanthanide elements are not known for 
certain. Alternative electronic structures involve movin, the single 5d electron 
into the 4f level, except where this disturbs à half full fshell. According to this 
pattern, cerium has the configuration 4s*4p*4d^4f*, Ss*5p*, 6s*. 
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(ii) Action of water and acids. The lanthanides react slowly with 
cold water, and rapidly on heating forming their hydroxides with the 
liberation of hydrogen. 


2M + 6H3O > 2M(OH)s + 3H: f; M=a lanthanide 


They react even more energetically with acids, liberating hydrogen 

. and forming their corresponding salts. However, they are stable in 
HF and HsPOA4, since a protective film of insoluble sult is formed on 
their surface. 


Lanthanides do not react with alkalis. 


(ili) Combination with hydrogen. The metals combines with 
hyu: gen at 300°—400°C forming their hydrides. These hydrides are 
partially ionic and react with water liberating hydrogen, 

CeHs + 3H20 —— Ce(OH)s + 3Hsf 
ceric hydride ceric hydroxide 

(iv) Combination with halogens and other non-metals. Lanthanides 
combine with halogens on heating to give the anhydrous halides MX3. 
They also react, when heated, with nitrogen, sulphur, phosphorus, 
carbon, silicon, etc. 


(v) Alloy formation. Lanthanides alloy with most metals, and 
often form intermetallic compounds, e.g., CeAl, CesAl, CeMg, 
CeMgs, CeCus, etc. 


5. Compounds, Being chemically reactive, the lanthanides 
form numerous compounds—oxides, hydroxides, halides, nitrates, 
carbonates, sulphates, phosphates, etc. Their oxides, M203 are ionic 
and basic, and are very refractory (m. p. of the order of 2000°C). 
They are practically insoluble in water, but react with it to form 
hydroxides, liberating heat. Their hydroxides, M(OH)s, are also ionic 
and basic. They absorb carbon dioxide from air and form carbonates. 
The basic character of both the oxides and hydroxides decreases with 
the decreasing ionic radius in the Ce?* —Lu%* series. 


The trivalent chlorides, nitrates, and sulphates of lanthanides 
are soluble in water and hydrolyse but very slightly; their carbonates, 
sulphides, fluorides, phosphates, oxalates, etc., are almost insoluble. 


3. Lanthanide contraction 


Normally the atomic size increases on moving down a group in 
the periodic table as extra shells of electrons are added. On moving 
across a period, the atomic size decreases because the nuclear charge 
is increased and since the extra orbital electrons shield the charge 
imperfectly, all the electrons are pulled inward. In the lanthanide 
Series the electron is added toan inner shell and this would be expec- 
ted to completely offset the effect of the increased nuclear charge- 
However, the shielding effect of f electrons is very weak owing to the 
shape of the f orbitals being highly diffused. As such the atomic size, 
covalent radii, and the ionic radii in the series Ce?+—Lu3+ gradually 
decrease in the lanthanide series with increases in atomic number. 
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The small but steady decrease in the atomic and ionic radii of lan- 
thanides is called lanthanide contraction. It influences the 
chemistry of not only the lanthanides but also of the elements 
(numbered 72-80) which follow them in the transitions series of the 
sixth period. The more important consequences of lanthanide 
contraction are : 


1. There isa very small but steady increase in the standard 
electrode potential value, E’, for the process M9* + 3e- — M(g) 
from Ce to Lu. 


2. There is a decrease in the basic strength of the oxides and 
hydroxides of lanthanides with increase in atomic number. Ce(OH)s 
is the most basic, Lu(OH)s is the least. The reason is that the decrease 
in the size of the M3* jon increases the covalent character between 
the M3* ion and OH- ion (according to Fajan's rules), so that the 
degree of dissociation of the lanthanide hydroxide is decreased. 


3. The transition elements (numbered 72-80) following the 
lanthanides have almost the same atomic size as the vertically prece- 
ding element in their respective groups as given in Table 15-2. 


Table 15-2 Atomic radii of elements preceding 
and following lanthanides 
LB IVB VB VIB VIIB VIH IB IB 
END 

Nee ee ae 
Sca Ti, Y Cr Mu Fe Co Ni Cu Zn» 
1:44 132 C38 FI PIT FIT 16 WIS TI 125 
Yu Zr, Nb Mo Tc Ru Rh Pd Ag Cd, 
1°62 145 135 130 127 125 0125 128 134 148 


La; Ce,-Lu; Hf, Ta W Re Os S Pt Au Hen 
169 165 L56 1'44 V34 L30 128 1926 126 130 134 149 

hel 

14 lanthanides 
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Thus Zr and Hf of Group IVB have nearly the same atomic 
radii, though normally there would be a big increase in the atomic 
radius of Hf as is the general trend in moving down a group in the 
periodic table. The lanthanide contraction almost balances the ex- 
pected increase in the atomic sizes of the elements of Groups IVB 
through ITB in the fifth and sixth periods of the periodic table, 


4. Occurrence and Isolation of Lanthanides 


4-1, Occurrence. In nature the abundance of lanthanides is 
comparable to that of copper, antimony, and iodine. They are found 
in many rare minerals which exist in a few widely separated localities. 
More then 250 minerals containing them are known. They occur 
usually in intimate association with one another and with zirconium 
hafnium, and thorium of Group IVB. The most important source 
of lanthanides is the mineral monazite (also called monazite sand) 
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found along the seacoast in India (Malabar coast), Brazil, and 
Carolinas. lt contains the various lanthanide metals as their phos- 
phates, mainly cerium phosphate, CePO4, along with 5-9 per cent 
thoria (ThO») and traces of uranium. 


4-2, Isolation, The isolation of the separate lanthanides from 
monazite is a difficult problem owing to the great similarity in their 
properties. Formerly, the only effective method of separation was 
that of fractional crystallization of certain of their salts. This involved 
hundreds (even thousands) of operations of precipitation and recry- 
stallization. Recently ion exchange methods which provide a much 
more rapid and effective separation have been used. The method 
consists in the selective adsorption of the ions of the various lanthanide 
ions on a column of synthetic ion exchange resin which has such 
functional groups as —COOH or —SOsH This is followed by 
fractional dissolution of the adsorbed materia! in a suitable solvent. 


Once the compounds of the different lanthanide elements have 
been separated, the metals are obtained by electrolysis of their. molten 
chlorides or by reducing the trichlorides or trifluorides with calcium 
at 1000°C in an argon-filled vessel. 


5. Uses of Lanthanides and Their Compounds 


_ The Janthanide metals and their compounds find more and more 
applications in technology over the years. Some of the main applica- 
tions are as follows : 


1. Because of their extraordinary capacity to combine with many 
gases, they are used in vacuum technology. 


2. They are used in steel-making as alloying admixtures to im- 
prove the mechanical properties of alloys. 


.3. Metallic cerium is used as an admixture in magnesium and 
aluminium alloys to increase mechanical strength. 


4. An alloy of iron with 70 percent cerium and smaller amounts 
of other lanthanides, called misch metal’ is pyrophoric. It is used 
to make flints for cigarette lighters, tracer bullets, etc., as when 
subjected to friction they give off sparks. 


5. The metals and their compounds are good catalysts in many 
organic and inorganic syntheses. 


6. Lanthanide oxides are used for polishing glass; cerium salts 
are sometimes used to colour glass and. porcelain. Lanthanide com- 
pounds are also used to produce special grades of glass. 


7. Cerium dioxide (about 2 per cent) mixed with thorium oxide 
ie 88 per cent) is used in the manufacture of incandescent gas 
mantles. 


8. Because of their high melting points the oxides, carbides, 
nitrides, and sulphides of lanthanides are used im making refractory 
ceramics. 
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II. ACTINIDES (THE THORIUM FAMILY) 
6. General Features of the Actinides 


1. Electronic configuration, The actinides are analogous to 
the lanthanides in that the electron configurations of succeeding 
elements (numbered 90 to 103) in the series differ by one electron in 
m be 6d sublevels. Their electronic structures are given in 

able 15-3. 


Table 15-3 Electronic configurations of actinides 
Element Symbol — At, No. Electronic configurat jon 
Thorium Th 90 Radon core—5/* 6d* 7s* 
Protoactinium Pa 91 Sf' 6d* 75 
Uranium U 92 sf’ 6d 7s* 
` Neptunium Np 93 Sft 6d 1s? 
Plutonium Pu 94 Sf* 6d* "5 
Americium Am 95 Sf? 6d* 7s* 
Curium Cm 96 Sf? 6d* Te 
Berkelium Bk 97 sf* 6n 15 
Californium GE 98 sf" 6d" 7s* 
Einsteinium Es 99 sf" 6d" 7s* 
Fermium Fm 100 syn 6d? 75 
Mendelevium Md 101 sf» 6d 75 
Nobelium No 102 sf 6d" 7s 
Lawrencium Lr 103 sf" 6 75? 


BU He 

It is clear from Table 15-3 that the electronic configurations 
of actinides show more frequent irregularities than those of 
lanthanides. 

2. Valency and type of bonding. The actinides have a 
characteristic valency of +3, but show a much wider variation in 
valencies than do the lanthanide elements. For the elements Th, Pa, 
and U, the most stable valencies are +4, +5, and +6. Compounds 
in the +3 valence state are ionic, those in higher valence states are 
covalent. 

3, Physical properties, The clements are all silvery-white 
metals with high density (of the order of 11—20 g/cm) and relatively 
high melting points (640? — 2000*C). 

4, Atomic size and ionic size. The size of the atoms as well 
asions decreases regularly along the series, because of the poor 
screening of the nuclear charge by the f electrons. 

5, Chemical properties. The elements are chemically reactive. 
When burnt in oxygen, they form oxides, e.g., 

Th + O, — ThO2 
3U + 403 — UsOs (UOz.2U0s8) 
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They react readily with many other non-metals, including 
hydrogen, when heated. 


With metals the actinides form alloys containing intermetallic 
compounds, e.g., PuAls, PuFes, etc. 


All actinides are radioactive, and their chemical study is often 
greatly complicated by their rapid radioactive decay. 


7. Occurrence, Production, and Uses of Actinides 


Thorium, protoactinium, and uranium occur on earth. Other 
actinides do not occur in nature (except minute quantities of neptu- 
nium and plutonium). They are prepared by nuclear reactions and 
only exist as radioactive isotopes which are not very stable. The 
most important elements in the series are thorium, uranium, and 
plutonium, their importance being largely related to their use in the 
development of atomic energy. 


7-1. Thorium, Occurrence. Thorium occurs up to 30 per cent 
in monazite sand, mixed with the phosphates of lanthanides. Indian 
monazite has as high as 10 per cent of thoria (thorium dioxide), 

O2. 


Production, Metallic thorium is produced by reducing the tetra- 
chloride, ThCla, with sodium; the thorium tetrachloride is obtained 
de heating a mixture of thorium dioxide and carbon in a current of 
chlorine. 


A 
ThO; + 2C + 2Cle —-- ThCls + 2CO ft 


Na 
ThCl4 + 4 Na —— Th + 4NaCl 
Uses. (1) As a component of heat-resistant alloys. 


_ (2) In the production of fissionable *33U. Naturally oceurring 
thorium is almost entirely 28Th, which is not fissionable. When it is 
irradiated in the outer part of a nuclear reactor, 233U is formed 


mn -8 -8 
*$$6Th —— *35Th —— Pa —— PHU 
22 min. 27 days , 
This isotope of uranium is fissionable and has a half life of 1*6 x 109 
years. It does not occur in nature. 


(3) In incandescent gas mantles. Thorium dioxide mixed with 
1 per cent of cerium dioxide gives off brilliant white light when 
heated, hence it is used for making incandescent gas mantles. The 
mantle woven from silk fibres is dipped ina solution containing 
thorium nitrate together with about 1 per cent of cerium nitrate, 
dried, and fixed in the lamp. When ignited the first time, the silk 
fibres burn away leaving behind a net-work of infusible ThOs and 
CeO formed by the decomposition of the nitrates. 
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7-2. Uranium, Occurrence The most important mineral and 
ore of uranium is pitchblende, U3Os mined in Zaire, Canada, and the 
U.S.A. It is interesting to note that the element is more abundant 
than many ‘well known’ elements. such as Ag, Cd. Hg, and I. 


x Production. The extraction processes are coraplex and involve, 
in the final step, the reduction of the fluoride, UF4, or the oxide, 
UO», with calcium or magnesium. 


Uses. (1) In the production of nuclear energy. 


(2) Uranium compounds are used for producing yellow glazes 
on ceramic ware, as mordants, and in the dye industry. 


_ 7.3. Plutonium, Occurrence. Plutonium, along with uranium, 
actinium, protoactinium, and neptunium, occurs in traces in pitch- 
blende. 

Production. Plutonium is produced in atomic reactors from 
uranium-238, 

"HU Rode PHU -> "PINp => PPP 

stable unstable unstable stable 
tua= 45x 10? years 25 min 2:33 days 2:4 x 10* years 

Use. Plutonium is fissionable and is used as a fuel in atomic 
energy plants. 


Questions 


1. (a) Why are the lanthanides and actinides called f-blec elements ? 
Why do the members of each series number 14 ? 

(b) What is the number of electrons in the outermost electron shell of the 
Janthanide and actinides ? 

(c) Why are the lanthanides extremely alike in chemical pronerties ? 

(d) What fis the most characteristic valency of the lanthanides? Of 
actinides ? 

(e) Write a balanced chemical equation for the reaction of cerium with 
water. 

2. Explain the reason why the basic character of the hydroxides of 
lanthanides, M(OH),, decreases gradually in the series Ce—Lu. 

3. What do you understand by the term ‘lanthanide contraction’ ? What 
are the important consequences of this phenomenon ? kd 

4. (a) Name the principle source of the lanthanides ? 

(b) Outline the.ion-exchange method for the separation of lanthanides. 

(c) Give three main uses of lanthanide elements. 

5. (a) Name the chief ore of uranium. 

(b) Describe, mainly by means of chemical equations, the production 
of any one of the elements thorium, uranium, and plutonium. 

(c) Give the main uses of thorium. 

Key 

1. (a) The difference in the electron configurations of the lanthanide 
elements is exclusively in the antepenu!timate shell, which does not affect their 
chemical properties. 

(b) 2Ce + 6H,O + 2Ce(OH), + 3H, + 

2. As the atomic and ionic radii increase from Ce to Lu, the bond between 
M'* and OH- becomes increasingly covalent and the degree of dissociation of the 
hydroxides correspondingly decreases. 
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. The Noble Gases 


The noble gases are the elements ending each period in the periodic 
table; all together, they constitute the zero group. They are, in 
the order of increasing atomic numbers, helium (He), neon (Ne), 
Argon (Ar). krypton (Kr), xenon (Xe), and radon (Rn). These 
gaseous elements have Jittle tendency to react with anything else. 
For this reason, they were originally called the inert gases. It is 
now known that they do form compounds under the proper 
conditions. For this reason they are now called the moble gases, 
rather than the inert gases. The term noble gas implies that these 
elements tend to exist by themselves, and not in the company of 
other elements. Because of their occurrence on earth in very minute 
amounts, these elements are also called the rare gases. 


It is interesting to note that the inert nature of the noble gases 
is not a handicap; st makes possible a number of important 
applications. 


1. Discovery of Noble Gases 


The noble gases were discovered towards the end of the 19th 
century. The history of their discovery may be traced stepwise as 
follows : 


(a) In 1892 Lord Rayleigh found that nitrogen prepared from 
the air by removing all other gases always had about 0'5 per cent 
higher density than the nitrogen prepared from its compounds (e.g. 
by heating ammonium nitrite). This suggested the presence of some 
yet undiscovered heavier gas in the air. To verify this, Ramsay 
repeatedly passed nitrogen prepared from the air over heated 
magnesium (which combines with nitrogen to form MgsN;). He 
found that a small fraction (1:2. per cent by volume) was left un- 
changed. This gas was found to be considerably denser than 
nitrogen. Its presence in smali amounts was sufficient to account 
for the above mentioned difference in density. This gas was named 
‘argon’, meaning ‘the lazy one’ as it would not combine with any 
other element. Jt was initially regarded asa single element but was 
later found to be a mixture of he'ium, neon, argon, krypton, and 


xenon. 


(188) 
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(b) Helium was first detected spectroscopically in 1868 in the 
atmosphere surrounding the sun (therefore the name helium, from 
the Greek word ‘helios’, meaning the sun) In 1895, Ramsay 
established the existence of helium on earth when he obtained it by. 
heating the uranium mineral clevite with sulphuric acid. 


(c) In 1898 Ramsay and Travers isolated neon (meaning ‘the 
new element’) krypton, (‘the hidden element’) and xenon (‘the 
stranger’) by the fractional distillation. of the main fractions of 
liquid air. 

(d) In 1900 Dorn discovered radon, the heaviest noble gas, 
among the disintezration products of radium. 


2. Electronic Configurations of Noble Gases 


Helium has only two electrons in its first shell, which is also 
the outermost shell for it in the ground state. Other noble gases 
have a completely filled set of s and p orbitals in their outermost 
shell. That is, the electronic configuration for the outermost shell 
is sĉpô in each case. 


Table 16-1 Electronic configurations of noble gases 
Pilea OO cs rca = cheat de aaa f EE 
Element Symbol At. No, Electronic Configuration 


Helium He 2 1s? 

Neon Ne 10 1s*, 2s* 2p* » 

Argon Ar 18 1s!, 25? 2p*, 3s* 3p* 

Krypton Kr 36 13*, 25* 2p*, 3s* 3p* 34'0, 4s* 4p* 

Xenon Xe 54 15*, 25* 2p*, 35° 3p* 3416, 4s* 4p! 4q'*, 5s? Sp* 
2 2 3 20 2 no u 

Radon Rn 86 1s?, 2s% 2p*, 3s? 3p* 34'^, rre bel 
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The s?p9 configuration of the outermost shell is apparently 
a very stable electron configuration. In many compounds, the atoms 
attain this configuration, called the noble gas configuration. 


3. Noble Gases in Nature 


The noble gases always occur in the free state. Except the 
radioactively unstable radon, all of them occur in the atmosphere, 
collectively constituting 1% of it by volume. These gases in the 
order of abundance in air are : argon (934 ppm*), neon (1:82 ppm), 
helium (0:524 ppm), krypton (0114 ppm), and xenon (00097 ppm). 

Helium, neon, and argon are also found dissolved in small 
amounts in certain natural spring waters. 

lium is present up to 6 per cent by volume in the natural 
gases Which bs from tbe ground in the United States. It occurs 
in the minerals of uranium and thorium, being formed during the 
radioactive decay of these elements. Immense amounts of helium 


*Parts per million. 
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are present on stars where it is produced by the thermonuclear 
fusion of hydrogen atoms into helium with release of energy. 


4. Isolation of Noble Gases 


4-1. From air, The noble gases (except radon) are produced 
by the fractional distillation of liquid air. Where the boiling points 
are so close together that complete separation is not achicved, use 
is made of their selective adsorption by charcoal at different low 
temperatures. At any temperature, the extent of adsorption 
increases with increasing atomic weight of the noble gas, i.e., in the 
order HecNe-Ar«Kr«Xe. Thus, helium and neon isolated as a 
mixture from liquid air are separated by keeping the gaseous mixture 
in contact with coconut charcoal at —180*C. The charcoal is 
contained in a Dewar's bulb surrounded with a cold bath (Fig. 16-1). 
Neon is completely adsorbed; helium is left unaffected and is 
pumped out. The adsorbed neon is set free by warming the 
charcoal. 


mixture of 
helium and neon—> —> helium 


coconut charcoal 
(absorbs neon) 


cold bath 


Fig. 16-1. Separation of helium and neon, 


4-2, Isolation of helium from natural gas, The main 
source of helium is natural gas from helium-bearing gas fields in the 
United States. It contains up to 6 per cent of helium, the rest being 
hydrocarbons and small amounts of nitrogen and carbon dioxide. 


The natural gas is first freed from carbon dioxide by adsorp- 
tion in sodium hydroxide solution under pressure. The remaining gas 
is cooled progressively to —200°C under pressure. All other gases 
except helium are liquefied. The residual helium is pumped off. It is 
purified by passing it over activated charcoal cooled with liquid air, 
which adsorbs any traces of heavier gases, leaving helium unaffected. 


4-3, Isolation of helium from minerals. Helium may be 
isolated from the minerals of uranium and thorium, e.g., clevite, 
pitchblende, monazite, etc. by heating to about 1000°C in vacuum. 
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5. Physical and Chemical Properties of Noble 
Gases 


5-1. Physical properties, The noble gases are all colourless, 
tasteless, and odourless monatomic gases (ie., their molecules are 
single atoms). They are only very slightly soluble in water. Their 
boiling points and melting points are extremely low in comparison 
to those of other substances of comparable atomic or molecular 
weights. This is because no strong chemical bonds, but only weak 
van der Waal's forces, hold their atoms together in the liquid and 
solid states. 


The boiling points, melting points, densities, solubilities in 
water, and the atomic radii of the noble gases all regularly increase 
with increasing atomic number. Helium has the lowest melting point 
and boiling point of all elements. 


5-2. Chemical properties, Noble gases are chemically inert. 
They remain unaffected with acids, alkalis, oxidizing agents, and 
reducing agents, and do not form compounds. They are so inactive 
that their atoms do not join together to form diatomic molecules and 
existas atoms. Thus, noble gases may be said to be zerovalent. 
However, à few unstable compound of the noble gases, formed under 
rather drastic conditions, have been shown to exist, e.g., HgHe, 
Hg2He, WHe, Ar.xHaO, Kr.xH2O, Xe.xH$0, etc. All of these 
compounds are extremely unstableand have only a very brief. 
existence. 


6. Causes of Inertness of the Noble Gases 


The great chemical inertness of the noble gases aríses from two 
causes : 


1. Their atoms have electron affinities near to zero. So, they do 
not tend to gain electrons from reducing agents. 


2. Their ionization energies are higher than those of any other 
element. Thus,j they do not tend to lose electrons to oxidizing 


agents. 


7. Atomic Weights of Noble Gases 


Because the noble gases are chemically inert, it is not possible 
to deine their RE weights by chemical methods. Their 
molecular weights, however, can be calculated from their experi- 
mentally determined vapour densities (molecular weight=2 X vapour 
density). Since the molecules of the noble gases consist of single 
atoms, their molecular weights are the same as a moria DNE 
The atomic weights of helium, neon, argon, krypton, xenon, an 
radon, thus deis cuin are 4'00, 20°18, 39°95, 83°80, 13150, and 


222 respectively. 
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8. Uses of Helium and Neon 


8-1. Uses of helium, For filling weather observation balloons and: 
airships in place of hydrogen, since it is not inflammable, does not 
support combustion, and has a lifting power only 8 per cent less than 
that of hydrogen. 


(2) For deep-sea breathing. Deep-sea divers working in special 
pressurized suits under high pressures use a mixture of oxygen and 
helium for breathing. If air is used, its nitrogen dissolves in the 
blooc under high pressure when the diver is under deep sea. As he 
comes to the surface, the pressure is suddenly decreased and the 
solubility of nitrogen in the blood rapidly decreases (Henry's law). 
The dissolved nitrogen tends to escape forming bubbles in the 
blood which block its circulation and cause painful ‘bends’. 
Helium is much less soluble in the blood than nitrogen, and diffuses 
out rapidly through the lungs. 


Helium-oxygen mixtures are also used in the treatment of 
asthma. The lightness and rapid diffussion of helium decreases the 
muscular effort involved in breathing. 


3. As an inert atmosphere for the melting and welding of metals . 
and alloys which react with oxygen and nitrogen at high tempera- 
tures e.g. aluminium and magnesium, 

4. In low temperature research since rapid evaporation of 
liquid helium produces:temperatures very close to absolute zero. It is 
also used in thermometers used for low temperature measurements. 


8.2. Uses of neon. 1. Jn neon lamps and neon signs used for 
advertising purposes. Neon is filled in tubes etc., at 2 mm pressure. 
When an electric current is passed through neon at this low pressure, 
a brilliant orange-red glow is produced which is visible through mist 
and fog. Glow of different colours can be produced by adding other 
inert pases, mercury vapour, etc.. to neon, and by using tubes made 
of glasses of special compositions. 


2. In electric equipment such as voltage stabilizers, time switches, 
rectifiers, etc. | 


Questions 


1. (a) Why are the ‘noble gases’ so called ? 
(b) What is the atomicity of the noble gases ? m 
(c) Which of the noble gases has the lowest boiling point and melting - 


point ? 
(d) What is meant by the term ‘noble gas configuration’ ? 
(e) Which of the noble gases is most abundant in the atmosphere 1 


2. How are helium and neon isolated from air ? 
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3. Outline the isolation of helium from natural gas. 
4. (a) Describe the physical properties of the noble gases. 
(b) Explain the causes of the chemical inert ness of the noble gases. 
(c) How would you determines the atomic weight of neon ? 
5, Describe the main uses of helium and neon, 
Y Key 
1. (b) One (c) Helium (d) s*p* configuration of the outermost shell in the 


atom. (e) Argon. 
ity of neon. The 


4. (c) By experimentally determining the vapour dens 
vapour density multiplied by 2 will give the molecular weight which, neon being 
monatomic, will also be the atomic weight. 


17 


. 


Complex Compounds 


An aqueous solution containing equivalent amounts of potassium 
sulphate and alum.nium sulphate yields crystals of potash alum, 
K4SO,.A1,(SO4).24H;,O, upon crystallization. Aqueous solutions 
of potash alum give the reactions for K*,AI**, and SO,?- ions. 
Such compounds as potash alum, which give the reactions of the 
ions of their constituent salts are called double salts. The double 
salts exist only in the solid state. 


When ferrous cyanide dissolyes in potassium cyanide solution, 
crystals having the composition Fe(CN),.4KCN can be isolated 
from the resulting solution. Aqucous solutions of this compound, 
called potassium ferrocyanide, do not form Fe*+ and CN- ions, but 
instead give a more complicated structure—the ferrocyanide ion, 
[Fe(CN),]t-. This ion takes part in many chemical reactions as a 
single entity. lons of this type are called complex ions, and the 
corresponding compounds are cal'ed complex compounds or coordi- 
nation compounds. They exist in the solid state as well as in 
Solutions. : 


1. Complex Compounds 


Compounds in which a component ion of the molecule, positive, 
or Negative, is made up of a central atom surrounded by ions or 
molecules called /igands are called complex compounds, while such an 
ion is called a complex ion. For example, in the complex compound 
potassium ferrocyanide, Ka[Fe(CN)g], the complex ion is [Fe(CN)el^- 
made up of the central atom Fe and six CN” ligands. 


The ligands are attached to the central atom by coordinate 
bonds, the ligands being the donors and the central atom the acceptor. 
Hence the name coordination compounds for the resulting compounds. 
There is some question about the theory of coordinate bonding, 
however, and a more recent theory considers the bond to be an 
electrostatic attraction between the positively charged central atom 
and the outermost electrons of ligands. Therefore, the name coordina- 
tion Compound is not very correct, and the more widely used term is 


complex compounds, or simply complexes. In the formulae of 


complexes, the ligands are shown attached to the central atom by 
coordinates bonds, 


(194) 
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1-1, The central atom, The central atoms in complexes are 
most usually those of the transition metals. The ions of transition 
metals have vacant d orbitals ofthe right energy which can accommo- 
date electron pairs donated by ligands. Usually, these ions have a 
high charge density, i e., small size and high charge (an exception is 
Agt ion) The higher valency ions, e.g., Fe?*, Cot, Cu?*, etc., 
form more complexes than the lower valency ion of the same atom, 
e.g., Fe?t, Co?*, Cut, etc. The IA and IIA metal ions do not tend to 
form complexes since they have lower charge densities due to 
their relatively large size. i 


1-2, Ligands. Nonmetal atoms with high electronegativities 
tend to form good ligands if they exist as elementary ions, in polyato- 
mic anions, or in molecules, with a lone pair of electrons. Due to the 
presence of the lone pair of electrons, the species that act as ligands 
are always ions or polar molecules. Some common examples of 
ligands are— 

(1) Elementary ions : F^, Cl’, Br, i 

(2) Polyatomic ions : OH-, CN~, NOs”, C204? (oxalate ion) 

(3) Neutral, molecules: H20, NO, NHs, R.NHs (primary 
amines). 

Some ligands have more than one position that can form a 


bond with the central atom. For example, each of the end oxygen 
atom in the oxalate ion, COO", can form a bond. Similarly, 


| 

coo- M 
each of the nitrogen atom in ethylene diamine, CHg.NHs, can form 

CHa.NHg 

a bond. Such ligands as the oxalate ion and ethylenediamine are 
called polydentate ligands or, more specifically bidentate, tridentate, 
etc. The bidentates are quite common. The ligands having only one 
point of attachment are referred to as monodentate. 


2. Coordination Number 


ination number of a central atom (metallic ion) in a 
m PI y to the number of coordinate bonds formed 
around it by the ligands. If each of the ligand forms one bond with 
the central atom, the coordination number is equal tothe number of 
ligands. In general, the coordination number is of such a value that 
permits a symmetrical distribution of the ligands around the central 
atom. The most common coordination numbers are 2, 4 and 6. 
The coordination number is determined chiefly by the size, electron 
configuration, and other properties of the central positive ion. Very 


often, the coordination is equal to twice the charge units on the 


central ion of the complex. : ET z 

ite the formula of a complexion, it is necessary to know 
the BE (ie. the charge) on the central atom and the ligands, as 
well as the coordination number of the central atom. The charge on a 
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complex ion is the algebraic sum of the charges on the central atoms 
and the ligands. For example, the ferrocyanide ion formed from 
Fe** and six CN- ligands, bas a charge of —4 being the algebraic 
sum. of +2 charges from Fe?+ and —é charges from the six 
€N- ions. 

Fe2+ + 6CN- — [Fe(CN)g]*- 


It is conventional to enclose the formula of the complex ion in 
square brackets. ; 


The formation of the ferrocyanide ion can be shown as 
follows : f 


CREE NGN 
Fe?* + 6CN-: >| CN: > Fe —:NC| or [Fe(CN)g]t" 
CN:7 . NNC 


. A few more examples of the formation of complex ions are 
given below : 


(1) Ferricyanide ion by the coordination of six CN~ ions with 
the central Fe3* ion. 


EN GNET 
Fe?* + 6CN:- >| CN: Fe «—:NC| or [Fe(CN)g?- 
CN:7 ANC 


Y (2) Hexachloroplatinate ion by the coordination of six CI” ions 
with the central Pt** ion. 


cl: iil 

E N bei 

pet +l: Cl:|> | CE Pt «-:CI or [PtClg]?- 
d CRA aa ey 


(3) Nickel hexahydrate ion by the coordination of six water 
molecules with the central Ni?* + ion. 


a 2+ 
HO.) ORe 


Ni+ + 6H20: >| H20 — Ni — OH | or [Ni(H3OX?* 
H0O 7  * oH 


In the formulae of complex compounds, the simpie ion attached 
to the central ion is shown outside the complex —to the left if the 
complex ion is an anion, to the right if the complex ion is a cation. 
For example, the formulae of complex compounds corresponding to 
the complex ions in the above three examples are Ka[Fe(CN)e], 
Hi[Pt Clg], and [Ni(H3O)e]Cls. 
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3. Coordination of Neutral Ligands 


The most important neutral ligands are water and ammonia, 
the complexes formed by these ligands being called aquocomplexes, 
e.g. [Cr(HaO)elCls, and ammoniates, e.g., [Co(NHa)eg]Cls. The water 
molecules coordinate due to the presence of the lone pair of electrons 
on the oxygen atom; ammonia and the amines coordinate due to the 
presence of the lone pair of electrons on the nitrogen atom. 

3.1. Coordination of ammonia and amines with metals, 
The ions of transition metals readily accept the unshared pair of 
electrons on the nitrogen atoms in ammonia and primary amines 
forming similar complexes. For example, cupric chloride yields deep 
blue soluble complexes with ammonia and methylamine, CH3 NHa, as 
shown below : 

NH3 


CuCls (Cu?* 2C17) + 4:NHs > [HsN- Cu «NH3j** 2C17 


NHs 
H 
HNCHs 
H 4 H 2+ 
CuClg(Cu?* 2C17) + 4 :NH2.CH3 > [oun co -Ncr hor 
HNCHs 
H 


Co? jon coordinates with six ammonia molecules forming the 
complex ion [Co(NH)g]?*. 


HaN: ` T. :NHa [s 
CO3* + 6: NBa — | HaN:> CO «:NHs | or [CO(NH3)s]9* 
HN” -AGNES 


The ammonia molecules in this ion may be replaced one by 
one by water molecules until an aquecomplex, hexahydrate, is formed, 
[Co(H30)g]**. 

Diamines, such as ethylenediamine, NH2.CH2.CH2.NH2, are 
bidentate ligands, both the nitrogen atoms bonding to the central 
metal. For cxample, ethylenediamine forms a complex with copper 
(II) ions : z 

CHa.NH2 M uU NHa iwi 
2+ 2 >| | u 

Cut 2 | Hs LCHy-NHa” - "NHy-CHo 

In this complex each ethylenediamine molecule is bonded to the 
copper in two places. Thus the central copper is surrounded by 
four —NHe groups, and its coordination number is 4 as in the 
ammonia complex [Cu(NH3)4I**. The ethylenediamine complex has 
a ring structure (a pair of 5-membered rings). Such a ring structure is 
called chelate pronunced kelate meaning claw). Chelated complexes 
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are more stable than similar complexes with unidentate ligands, 
since their dissociation involves breaking two bonds rather than one. 


4. Complex ions in Chemical Reactions 
1. Dissociation. In an aqueous solution, a complex com- 
unds dissociates into a complex ion and the simple ion attached to 
it. For example, 
[Cu(NH3)4]SO4 = [Cu( NHgJ4?* + SO4?- 
Ka[Fe(CN)e] = 4K* + [Fe(CN)g]- 

However, in solution complex ions dissociate to a certain 
degree : i 
[Cu(NH3J4]?* = Cu?* + 4NHa 

For this equilibrium, 

, [Cu?*] [NH3]* E 

[Cu (NH34]?* 
The greater the constant K, called the instability constant of the com- 
plex ion, the less stable is the complex For example, from the values 
of K for the equilibria 
[Cd(CN)4]?" & Cd?* + 4CN^ ; K=1°4X 10717 
[Cd(NHaJ]** = Cd?+ + 4NH; ; K=2'5x 107? 

it is evident that the ammonia complex of cadmium is less stable than 
the cyanide complex. 

2, Exchange Reactions. In exchange reactions complex ions 
pass unchanged in composition from one compound to another. 
For example, 

2CuSO, + Ka4[Fe(CN)s] ^ Cuo[Fe(CN)e] 4 +2K2SO4 
Or, ionically, 4 
2Cu?* + [Fe(CN)e]t- ^ Cus[Fe(CN)e] 

3. Replacement reactions, Thecentral metal in complex 
ions can be replaced by more electropositive metals. For example, 
silver in the complex K(Ag(CN)s] is readily replaced by zinc, the 
Jatter being more electropositive than silver. 

Zn + 2K(Ag(CN)4] + 2Ag 4 + Ks[Zn(CN)4] 
This reaction is used in the extraction of silver ‘from its ores which 
are first converted into the cyanide complex by treatment with KCN 
solution, e.g., AgCI + 2KCN > KCI + K[Ag(CN)j]. 
5. Naming the Complex Ciompounds 

In the systematic nomenlature, the complex K4[Fe(CN)g] is 
name potassium hexacyanoferrate (II). Such names sound quite 
complicated, but when they are broken down to individual parts 
named according to a few general rules they are really quite simple. 
Keep in mind that in the formulae sof complex compounds, complex 

“anions ‘are associated with positive ions, such as sodium ion, 
potassium ion, etc., and complex cations are associated with negative 
jons, such as chloride ion, sulphate ion, hydroxide ion, etc. 


COMPLEX COMPOUNDS 199 


In naming complex compounds, the positive ion is named first 
followed by the negative ion, as in all types of compounds. The 
Lee of the complex ion is derived according to the following 
rules. 


l. First the ligands are named. The negative ligands all take 
an “o ending, such as CN™ cyano, CIl- chloro, NOg* nitro, etc. 
Neutral ligands have no special ending. Names of some common 
— ligands are aquo for H3O, ammine for NH3, and nitrosyl 
or NO. 


; If the complex contains negative as well as neutral ligands, as 
in Nag[Fe(NO)(CN)s], the negative ligands are named first and then 
the neutral ligands. 


2. If there is more than one of the same ligand present, the 


number is indicated by using the prefixes di, tri, tetra, penta, hexa, 
etc. 


3. Finally the ceatral atom is named and its valence is shown 
bya Roman numeral, I, II, I1, etc.. in parantheses. In the case of 
complex anions, the central atom takes an —are ending, and the Latin 
names are used for Fe, Cu, Sn, Pb, and Ag. 

4. When writing the name, the complex part is written run on 
as one word with the oxidation state as part of the word, Le., wi 
no spaciny in between, 

These rules are illustrated by the following examples : 


A. Complexes having complex cations. 
Formula of the Compound Name of the Compound 


1. [Cu(NH3)4]504 Tetramminecopper (1I) sulphate 

2. [Co(NH3)e)Cls Hexamminecobalt (11) chloride 

3. [Ag(NH3)g]CI Diamminesilver (1) chloride 

4. [Ni(H2O)s]Cla Hexaaquonickel (11) chloride 

5. [Ce(H30)4Cla]CI . Dichlorotetraaquochromium (IIT) 
chloride. 


B. Complexes containing complexes anions. 
Formula of the Compound Name of the Compound 


1. Ke[Cu(CN)3] Potassium tricyanocuprate (1) 

2. Ka[Fe(CN)e} Potassium hexacyanoferrate (II) 

3. Ka[Fe(CN)e] Potassium hexacyanoferrate (III) 

4. Ka[Co(NO3)s] Potassium hexanitrocobalate (III) 

5. Ka[Hgla] Potassium tetraiodomercurate (II) 

6. Nag[Fe(NOXCN)s] Sodium pentacyanonitrosyl ferrate(IIT) 

7. Naa{SnCle] Sodium hexachlorostannate (IV) 
*Common name is sodium nitroprusside. 
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6. Cyanide Complexes of Iron 


6-1, Potassium ferrocyanide, K,[Fe(CN)g]. This compound 
is named in modern nomenclature as potassium hexacyanofeirate (II). 
]t is formed in solution when an excess of potassium cyanide is added 
to a solution of an iron salt. 

Fe% + 6KCN — K4[Fe(CN)e + 2K* 
The complex ferrocyanide [more correctly, hexacyanoferrate (11)] ion} 
is extremely stable and gives none of the common tests for either the 
ion (II) or the cyanide ions. For the same reason it is not poisonous, 
In aqueous solutions it dissociates thus 
Ka4[Fe(CN)]a = 4K* + [Fe(CN)e]*" 

Potassium ferrocyanide crystallizes in the form of large, light 
yellow prisms consisting of the trihydrate, Kal[Fe(CN),].3H20. When 
itis treated with concentrated sulphuric acid, carbon monoxide is 
evolved. 

KalFe(CN)o] +6H2SO1+6H20->2K 9SOq + FeSO4 
+3(NH4)3SO4+6CO t 

With iron (III) salts, solution of potassium ferrocyanide give a 

deep blue precipitate of Prussian blue, KFe[Fe(CN)g].H20. 


FeCls + Ka[Fe(CN)e] > KFe[Fe(CN)9)] + 3KCI 
With iron (11) salts, a white precipitate KeFe[Fe(CN)g] is formed. 


Prussian blue is used as a paint pigment, as laundry bluing, and 
as a constituent of certain inks. 


Potassium ferrocyanide solutions are used as a reagent in the 
laboratory for the identification of Fe?" ion and for distinguishing 
between Fe?* and Fe?* ions. 


6-2. Potassium ferricyanide, Ks[Fe(CN)g. In modero 
nomenclature, this compound is known as potassium hexacyano- 
ferrate (III). It is formed by the oxidation of potassium ferrocyanide 
solution by chlorine, the anion in the former passing from the 
tetravalent to the trivalent state. 

2[Fe(CN)gt- + Cle > [Fe(CN)gJ- + 2C17 

or, 2K4[Fe(CN)s] + Cle — 2KalFe(CN)e] + 2KC! 

_ Potassium ferricyanide crystallizes as dark red crystals which 
dissolve freely in water giving a yellow solution. In aqueous solutions 
it dissociates thus : 


Ks[Fe(CN)g] = 3K* + [Fe(CN)g}* 


The addition of an iron (II) salt, Fe?*, to potassium ferricya- 
nid: solution yields a blue precipitates called Turnbull's blue, which 
has the same composition as Prussian blue, i.e.» KFe[Fe(CN)a).H2O. 
When solutions of iron(III)ions are added to potassium ferricyanide 
solution, there is no blue precipitate but only a brown solution. 
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The reactions df Fe? aud Fe?* ions with potassium ferrocyanide 
and potassium ferricyanide serve as sensitive tests for distinguishing. 
between F.?* and Fe9* ions in solution. 


7. Complex Compounds of Copper 

Both cuprous and cupric ions have a strong tendency to form 
complexes by coordination of suitable ions or molecules whereby they 
attain greater stability. 

7-1, Cuprous ion complexes 


(i) With ammonia, Cuprous ion, Cut, co-ordinates with two 
ammonia molecules to yield diamminecopper (I) ion, [Cu(NHs3J]* 


Thus cuprous oxide and cuprous chloride dissolve in ammonia 
solution forming the complex compounds diamminecopper (I) hydro- 
xide, [Cu( NH3)9]OH, and diamminecopper (I) chloride, [Cu(NH3)s] 
CI, respectively. 
CusO + H20 = 2CuOH = 2Cu* + 20H- 
Cut + 2NH3 + OH-  [Cu(NH3)2]OH 
Cuci = Cut + Clr; Cut + 2NHg + CI- + [Cu(NH3}:Cl 
(ii) With hydrochloric acid. Cuprous oxide and cuprous chlo- 
ride dissolve in concentrated hydrochloric acid forming hydrogen 
dichlorocuprate (1), H[CuClz], which contains copper in the anion 
[CuClg]". 
CusO + 2HCI = 2CuCI + H30 
CuCl + HCl 2 H[CuClj] = H+ + [CuCh]" 
“his complex compound breaks up on dilution with water to 
give cuprous chloride. The two chlorine atoms in the [CuCl;]" ion 
are bonded to the copper by covalent bonds. 


xx xx n7 
xCIX Cu XCIlX j 
xx xx 


(ili) With cyanide ions. Cuprous ion, Cu*, co-ordinates with 
two cyanide ions, CN”, forming the complex dicyanocuprate (I) ion, 
(Cu(CN)g], £e, Cut + 2CN- — [Cu(CNa3)]. This is why alkali 
cyanide solutions dissolve cuprous salts, e.g., cuprous oxide, etc. 

CuO + H20 Z 2CuOH Z^ 2Cu* + 20H* 


Cu,0 + H20 + 4KCN > 2K(Cu(CN)g] + 2KOH 
pot. dicyarocuprate (1) 


The dicyanocuprate (1) ion, [Cu(CNg)I is very stable and this 
explains why hydrogen cyanide dissolves copper with evolution of 


hydrogen. 
HCN = H* + CN- 
2Cu + 2H* > 2Cu* + Het 
Cut + 2CN~ — [Cu(CN)2]7 


M 
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7-2, Cupric ion complexes 


Spe (i) With water. Cupric salts yield blue tetraaquocopper (II) 
ion, [Cu(H20)4]?*, in aqueous solutions. This is not very stable. 


Cu?* + 4H2O = [Cu(H»O)4]?* 


(ii) With ammonia. The cupric ion, Cu?*, co-ordinates with 
four neutral ammonia molecules to yield complex tetrammine- 
copper (II) ion, [Cu(NHs3)4]2*. 

Cu?* + 4NHs = [Cu( NH3)4]?* 

When ammonia is gradually added to the aqueous solution of 
a cupric salt, cupric hydroxide, Cu(OH)s, is first precipitated but 
dissolves in excess of ammonia yielding deep blue solution containing 
complex tetramminecopper (1I) cation. 


Cu?* + 2NH40OH —> Cu(OH)» | + 2NHa* (0) 
Cu(OH)e (solid) = Cu(OH)e (dissoived) => Cu?* + 20H wae) 
Cu?* + 4NH3 = [Cu(NHg)4]2* (3) 


The removal of the cupric ions in the ammonia complex shifts the 
equilibrium in equation (2) to the right until whole of the cupric 
hydroxide dissolves. 

The deep blue solution vields the complex salt containing 
the tetramminecopper (II) cation and the anion of the original 
copper salt, e.g., [Cu(NH3)4]SO4.4H20, [Cu(NHa)4]Cls, etc. 

If cupric hydroxide, Cu(OH)s, is separately dissolved in 
ammonia, the complex compound tetramminecopper (II) hydroxide 
[Cu(NHs3)4](OH)e is produced. 


Questions 


1. Define the following terms: (a) complex compound, (b) ligand and 
dc) coordin:tion number. 


2. For éach of the following. write the central atom, coordination number 
of thé central atom, the ligands, and the correct name : 


(a) [Pt(H,O),]Cl; (d) [P((NH3J4]C! 
(b) K4[ZnCl,] (e) H[AuCI] 
(c) Nas4[PtC1,] Cf) [Co(NH;),Cl;]CI. 


3. (a) Distinguish between monodentate and bidentate Jigands. 

(b) Write the name and formula of a bidentate. 

(c) Write the formula of a complex formed by a bidentate ligand. 

(d) What is the class name given to tre complexes formed by bidentates. 
4. Write the structural formulae of— 

(a) ferrocyanide ion. 

(b) tetramminecopper (11) ion. 

(c) tetrametbylamminecopper (11) ion. 


5. Write an explanatory note on the dissociation of complex ions in 
aqueous solution, giving suitable examples. 
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6. What types of ions form suitable complexes ? 

7. What is the coordination number of copper in the following complexes 
(i) [CuQNH,),}** and (//) [Cu(CH,NH;);]* ? 

Which of the above two complexes is more stable and why ? 


8. The addition of a solution of NaOH causes the precipitation of 
Ni(OH), from a solution of NiSO, but not from a solution of [Ni(NHs)_)SO.. 
Explain the reason. 


_ 9. When hydrochloric acid is added in excess to the deep blue solution 
containing [Cu(NH,),]**, its deep blue colour fades. Explain the reason. 

10. What happens when— 

(a) solutions of copper sulphate and potassium ferrocyanide are mixed, 
(b) zinc is added to a solution containing the complex K[Ag(CN)4], 

(c) ferric chloride is added to a solution of potassium ferrocyanide, 

(d) ammonia is gradually added in excess to a solution of CuC!, ? 

Give balanced chemical equations. 


_ 11. (a) How is potassium ferrocyanide formed from a solution containing 

Fe* ions ? 

(b) What happens when potassium ferrocyanide is heated with concen- 
trated sulphuric acid ? 

(c) How can potassium ferrocyanide be converted into potassium 
ferricyanide. 

(d) What are the systematic names of potassium ferrocyanide and 
potassium ferricyanide ? 


Key 
2. Central Coordination Ligand Correct name 
atom number 
(a) Pt 4 H,O  tetraaquoplatinum (II) chloride 
(b Zn 4 Ge potassium tetrachlorozincate (IT) 
(à. PEL 4 Ci- sodium tetrachloroplatinate (11) 
(d) Pt 4 NH; tetrammineplatinum (1I) chloride 
(e Au 4 Gi- hydrogen tetrachloroaurate (TII) 
(f) Co 6 NH, Ci- dichlorotetramminecobalt (111) chloride 
CH,.NH, 
3. (b) ethylenediamine, | 
Hy.NH, 
(c) [ CH,—NH, NH,—CH, 7}** (d) Chelate. 
X 
zi 


CH,—NH, NH,—CH, 
6. The metallic ions which form stable complex 'ions are those of small 
size, high charge, and having vacant d orbitals of suitable energy. 
_7. The coordination number of copper is 4 in both ‘cases as four coordi- 
mate bonds are formed in both cases. 


The second complex is more stable ,because its dissociation involves 
breaking two bonds rather than one. 
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.. 8. In aqueous solution NiSO, dissociates as NiSO, = Ni** + SO,* giving 
a high concentration of Ni** so that the product of the concentrations 
{Ni**][OH~-}? exceeds the solubility product SPNi(OH);. 
The complex [ Ni(NH,),]SO, dissociates in solution as follows : 


[Ni(NH;),]SO, = [Ni(NH)** + SO. 


Ni** + 6NH, 


The complex ion [Ni(NH;),]** dissociates to such a small extent that the 
corcentration [Ni**] is insufficient for the value SPNi(OH), to be reached; $0, 


Ni(OH), is not precipitated. 
9. In solution [Cu(NH;),]** dissociates to very small extent : 
[Cu(NH,),]** && Cutt + 4NHs 


On adding HCI, the ammonia molecules formed by dissociation are used 
up. To maintain the concentration of ammonia, more of the complex dissociates. 
This continues until all the complex is completely dissociated. The deep blue 
s. of the solution due to the [Cu(NH,),]** changes to light blue colour of the 

ur? ions. 


11. (a) By adding excess of KCN solution. 
(c) By oxidation with chlorine : 
2K,[Fe(CN),] + Cl, + 2Ks[Fe(CN),] + 2KCI 


(d) Potassium hexacyanoferrate (II) and potassium hexacyanoferrate (III) 
respectively. : 


ng 
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Nuclear Chemistry 


Tn chemical changes only the outer electrons of atoms are involved, 
the inner parts undergo no change at all. Therefore, the identity 
of atoms remains unchanged. In nuclear changes, the compositions 
of atomic nuclei are changed as a result of which there is a change 
into either an atom of a different elelment or a different isotope of 
the original element. Another very significant feature which 
distinguishes nuclear changes from chemical changes is that the 
former are accompanied by rather large energy changes. 


The study of nuclear changes, manifested in radioactivity 
(spontaneous, uncontrollable disintegration of atomic nuclei with 
the emission of penetrating radiations), atomic rransmutations, 
and nuclear fission and fusion, is called nuclear chemistry. The 
knowledge gained in this fascinating field of chemistry has 
provided valuable information about the structure of all atoms, 
unlocked the secret to the method of transmuting one element 
to another, and given mankind a newform of energy, the nuclear 
energy. 


1. Radioactivity 


In 1896, the French scientist Becquerel found that uranium 
compounds could affect a photographic plate carefully wrapped in 
thick layers of black paper, and that the intensity of this action 
was proportional to their uranium content, The obvious conclusion 
was that the element uranium spontaneously and continuously 
emitted rays which could penetrate matter opaque to light and 
darken a photographic plate in the same way that light does when 
the plate is exposed. Soon afterwards it was found that thorium, 
an element close to uranium in atomic weight, was also capable of 
the same action. At Mme Curie’s suggestion this property was 
called radioactivity (meaning ray-emitting activity), and the subs- 
tances emitting rays like those emitted by uranium and thorium salts 
were termed radioactive, 


Radioactivity may be defined as the property possessed by 
certain unstable atomic nuclei of undergoing spontaneous, uncontro- 
llable disintegration accompanied with the emission of radiations, 
The radioactivity of naturally occurring isotopes is called natural 
radioactivity. At present about fifty naturally occurring radioactive 
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isotopes are known, although some of them are only feebly active 
(like the isotope potassium-40), and others are comparatively rare. 
All isotopes with an atomic number of 84 or above are radioactive. 
Radioactivity induced in naturally stable elements by bombarding 
them with neutrons or other high energy particles is termed 
artificial radioactivity or induced radioactivity. 


We shall study both kinds of radioactivity in this chapter. 


2, Nuclear Radiations 


There are several types of nuclear radiations given off by 
radioactive substances; however, the most common are (1) alpha 
particles, (2) beta particles, (3) gamma rays, (4) positrons*, and 
(5) neutrons. Of these, only the first three occur in naturally 
radioactive substances. 


The radiations emitted by the nuciei of. naturally radioactive 
substances are of three kinds. These radiations behave differently 
when passed through two charged plates (Fig. 18-1). One type of 
radiation is deflected slightly towards the negative plate in the 
manner of a stream of relatively heavy, positively charged particles. 
This type of radiation is called alpha rays or alpha («) particles. 
Another type of radiation is bent to a much larger extent towards 
the positive plate in the manner of relatively light particles with a 
negative charge. This radiation is called beta rays or beta (B) particles. 
The third kind of radiation is not affected by the electric field and 
continues a straight line. This radiation is called gamma (y) rays. 


phetograohic 
plate 


m 


Fig. 18-1, The radiation emitted from a radioactive source placed 

in a lead block passing through an electric field, with a photo- 

graphic plate so arranged that a record would be made of the 
radiations striking it. 


uu TE 
*A positron is found to bea positive electron; that is, it is a particle with 
negligible mass and a charge of +1. It is represented by the symbol + e. 


Positrons are believed to be formed in the nucleus of certain radioactive isotopes 
when a proton is changed to a neutron according to the equation 


proton, jp —-» neutron. in + positron, 41€ 
Positrons have about the same velocity as beta particles, but have very low 
penetrating power. 
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_ 2-1, Alpha particles, [tis experimentally found that alpha 
particles are .,e nuclei of helium atoms. Thus the alpha particle 
is made up of two protons and two neutrons; so it has a charge of 
+2 and mass of 4. The symbol used for alpha particle is $He. 


Alpha particles are emitted from atomic nuclei with a rather 
low velocity, about one-tenth the speed of light. Being relatively 
heavy, they do not have very high penetrating power, They can 
pass through about 7-8 cm of air under normal pressure before 
being stopped. They are stopped by an ordinary piece of paper or 
by an aluminium foil less than O'L mm thick. They have a very 
powerful ionizing effect upon any gas through which they pass. 
This is because they knock off electrons trom the gas molecules with 
which they collide, changing them into charged particles, At low 
speeds the alpha particles pick up two electrons each. from the atoms 
with which they collide and become helium atoms. Owing to their 
high kinetic energy, the alpha particles excite luminescence in zinc 
sulphide 


2.2. Beta particles, The beta particles have been shown to 
be fast moving electrons, Thus the beta particle has a charge of —1 
and a negligible mass. [t is represented by the symbol . 1e. 


The beta particles are believed to be produced in the nuclei 
in the transformation of neutrons into protons in the reaction 


neutron, in ——> proton, jp + beta particle ~fe. 


They are emitted from the nuclei with speeds ranging between 40 
and 90 per cent that of light. Because of their minute size and bigh 
speed, the beta particles possess about a hundred times greater 
penetrating power than the alpha particles. They may penetrate a 
sheet of aluminium about | cm thick Their ionizing effect on gases 
is much less than that of a- particles owing to much smaller kinetic 
energy (product of mass and velocity), For the same reason, they 
have little effect on zinc sulphide. Their photographic activity is, 
however, greater than that of the a-particles. 


2.3, Gamma rays, The gamma rays are electromagnetic 
radiations similar to X-rays, but of much shorter wavelength. They 
result from a difference in energy in the original radioactive element 
and in the more stable product of its disintegration. They do not 
have any charge or mass, and are represented by the Greck letter y. 

Gamma rays are emitted from the nucleus with a speed nearly 
equal to that of light. They have very high penetrating power and 
readily penetrate the human body. They have been detected even 
passing through 20cm of lead, 30cm of concrete, or 60 cm of 
aluminium. Their ionizing effect is very weak. 


The properties of the three kinds of nuclear radiations are 
summarized in Table 18-1 


# 
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Table 18-1. Summary of properties of a-, B- and y-rays 
Comparison of— a-rays B-rays rays 
]. Character Streams of helium Stream of fast Electromagnetic 
nuclei, mass=4 ; moving electrons. radiations of 
charge= +2. charge=—1 ; short wave- 


length; electri- 


1 
Er TT) th cally neutral 


of a H atom. and non-mate- 
rial. 
2. Deflection in Curve towards the Curve towards the Pass out undef- 
electric field negatively charged positively charged lected. 
plate. plate. 
3. Speed About 107; that Between 40 to Nearly equal 
of light. 90% that of light. to that of light. 
4. Kinetic energy High Small Nil 
(mxv) 
5, Penetrating Low, stopped by About 100 times About 6,000 
power © Al foil 0'1 mm that of a-particles. times that of 
thick. a-particles 
16. Ionizing effect High Low Very low 
7. Effect on ZnS Strong Weak Weak 
and photogra- 
phic plate. 


1 TUR a eR I SNES MS TRENT 

2-4. Cloud chamber. The most strikingly convincing proof 
of the existence of alpha raysis provided by using the apparatus 
called cloud chamber, devised by the English physicist C.T.R. 
Wilson. This apparatus makes tbe tracks of alpha particles visible 
asa row of droplets which condense from air saturated with water 
vapour. Its working depends on the fact that water vapour 
condenses more readily on charged ions than on uncharged 
molecules. 


The principle of a cloud chamber may be explained as follows. 
Ifairsaturated with water vapour is cooled quickly, droplets of 
moisture will condense as fog. However, if the air is entirely free 
cof dust the fog will not appear despite the cooling; to form the fog 
there must be dust particles present around which the vapour can 
condense. Now ionized gas molecules actas nuclei for the con- 
densation of moisture just as well as do dust particles. If alpha 
particles are passed through a chamber containing air supersatura- 
ted with water vapour, the ions formed along the path of alpha 
particles will cause minute drops of water to condense around them 
upon sudden cooling. If the chamber is illuminated laterally, the 
path of each particle will become visible as a fine trail of fog which 
can be photographed. 


The Wilson cloud chamber is shown diagrammatically in 
Fig. 18-2. It consists of a cylindrical chamber provided with a glass 
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cover atthe top and a movable piston at the bottom. When the 
piston is lowered rapidly, the moist air in the chamber cools due to 
sudden expansion and becomes supersaturated with water vapour. 
Fig. 18-3 shows one of the photographs of the fog-tracks of alpha-. 
particles. 


Qiass cover 


ot alpha 


particle 
cylindrical 
chamber 
Fig 18-2. The Wilson cloud Fig. 18-3. Fog tracks of alpha 
chamber. particles. 


The alpha particles travel a maximum distance of 8 cm through 
the surrounding air before they are stopped completely. Along this 
path they collide with hundreds of thousands of gas atoms so that 
their initial velocity is reduced to nothing. However, it is remarkable 
that despite these collisions the paths of alpha particles, as revealed 
by the fogtracks are rectilinear. This can be attributed onlv to the 
fact that atoms are empty space and the a!pba particles fly right 
through them. 


A more thorough investigation of this phenomenon Jed to the 
discovery of the nucleus of the atom. 


2-5. Physiological effects of nuclear radiations, Nuclear radiations have 
disastrous physiological effects, some of thern cumulative with time. Exposure to 
intense radiation causes irreparable damage to living cells ; milder radiations 
can cause anaemia or leukaemia, or can induce malignant (cancerous) growths, 
Gamma rays affect the genes, causing mutilions. Therefore, great care should be 
taken when working with radioactive substances to avoid exposure to dangerous 


amounts of radiations. 


3. Detection and Measurement of Radioactivity 


The detection and measurement of radioactivity consists in the 
detection of the emitted «-, B-, and-y-rays and the measurement of the 
rate of emission respectively. These radiations are easily detected by 
their properties of (1) affecting the photographic plate, (2) exciting 
luminescence in crystalline zinc sulphide, barium platinocyanide (used 
for y-rays), etc., and (3) ionizing gases. The rate of emission of the 
radiations, i.e., the intensity of radioactivity, is measured by making | 
use of their ability to discharge an electroscope. The radiations from 
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radioactive substances ionize air around an electroscope and make it 
a conductor. This permits the charge on the leaves of the electroscope 
to leak away. The rate of discharge occurring between the charged 
leaves is a qualitative measure of the intensity of the radiations from 
the radioactive substance. 


3-1. Geiger.Muller counter, This is a well known device for 
detecting radiation. It consists of a glass tube filled with a gas under 
low pressure. There are two electrodes sealed inside the tube between 
which a potential of about 1000V isapplied. When a high-energy 
particle, such as an alpha or a beta particle, enters the tube, the gas 
inside it is ionized causing conduction to occur between the two 
electrodes. The positive ions move to the negative electrode and the 
electrons move to the positive electrode. This short discharge can 
manifest itself as a click, a flash of light, or a reading on a dial. 


gas in glass tube 
at low pressure 


Counter 


dle: 


\\\ Me metal 
NS ith electrodes 


7, 
rct 
Sample 
Fig. 18-4. The Geiger-Muller counter. 


3.2. Units of radioactivity. One of the units used to measure 
the amount of radioactivity is the curie (Ci), named in honour of 
Madame and Pierre Curie. It is čeñned as the amount of radiation 
produced from a radioactive isotope which decays at the rate of 
3'7X 1010 disintegrations per second. A substance with a radiation of 
more than 1Ci is considered to have high activity. Frequently, 
measurement is taken in millicuries; which are equal to one thousan- 
dth of a curie. 


The unit used to measure the amount of radiation absorbed by 
biological tissue exposed to radiation is the roentgen (r), named after 
Wilhelm Roentgen, the discoverer of X.rays. One roentgen is the 
amount of gamma radiation that will produce ions carrying | electro- 
static unit of electricity of either sign in lce of dry air- 


4. Writing Equations for Nuclear Reactions 


A process in which a nucleus reacts with another nucleus, or 
with the elementary particles such as $-particle, neutron, proton, etc., 
is called a nuclear reaction, The atomic nuclei are represented by the 
same symbols as their respective atoms, with the mass number and 
nuclear charge (atomic number) given as superscript and subscript 
respectively to the left of the symbol. For example, the helium 
nucleus (an «-particle) is represented as $He, 4 being the mass 
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number and 2 the nuclear charge. Similarly, the nucleus of uranium- 
238 is represented by the symbol *3*U, 238 being the mass number 
and 92 the nuclear chargeof this isotope.Symbols for some elementary* 
particles are : 8-particle fe, neutron 3z, proton 1H,and positron 42e. 


In writing nuclear equations, the sum of the mass numbers on 
the left must equal the sum ofthe mass numbers on the right; like- 
wise, the sum of the charge numbers on the left must equal the sum 
of the charge numbers on the right, in keeping with the principle of 
conservation. For example, 


14N + 2He > 130 + }H 


Mass numbers : 14 + 4=18 17 + 1-18 
Charge numbers : 74229 8+1=9 
Similarly, 

*30Th > *3¢Pa + -te 
Mass numbers : 234 234--0—234 
Charge number : 90 91+(—1)=90 


5, Changes in Nuclei in Radioactive Emission 


The change which occurs in a nucleus during radioactive 
disintegration depends upon the radiation emitted, 


5-1. a-Particle emission, An alpha particle, $He, is a 
combination of two protons and two neutrons so that it has a charge 
of +2 and mass of 4. When an alpha particle is emitted from a 
nucleus, the residual nucleus will have nuclear charge (i.e., atomic 
number) less by 2 units and mass number less by 4 units. [The loss 
of two protons from the nucleus is accompanied by the loss of two 
orbital electrons so that the electrical balance in the atom is restored]. 
The new or daughter element, with atomic number less by 2, will have 
a position two places to the left of the parent element in the periodic 


, table, i.e., two groups to the left. For example, 


-«€ 
228Ra —-> ?*23Kn + iHe 
(in Group II) (in Group 0) 

5-2. §-Particle emission, The emission of a (particle, e, 
from the nucleus is consequent upon the conversion of a neutron 
into a proton according to the equation. 

on +> dH + .je 
(neutron) (proton) (8-particle) 
Since, the neutron and proton have the same mass, the emission of 
a [-particle does not cause any change in the mass number of the 
nucleus. However, since the new nucleus has one proton more than 
the parent nucleus, its nuclear charge or atomic number will be more 
by one unit. The daughter element will, therefore, have a position 
one place to the right of the parent element in the periodic table. i.e., 
in the next higher group. For example, 
mi 
*$sPb ——> *33Bi + fe 
(in Group IV) (in Group V) (6-particle’ 
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5-3. y-Rays emission. The emission of y-rays alone by 
nucleus does not alter either the atomic number or the mass number 
since y-rays possess neither charge nor mass, Their emission results 
in a nucleus with less energy and, hence, of greater stability. y-Rays 
are emitted from nuclei which are left in an exc':ed state by an earlier 
a-particle or $-particle emission. 


5.4. Group displacement Iaw.* The results of «- and 8- 
particle changes have been summarized by Fajans and Soddy in the 
statement called the group displacement law : 


Emission of an «particle gives an element displaced 
two groups to the left while the emission of a f-particle 
produces an element that belongs to the next group to the 
right in the periodic table, 


It follows from the above discussion that a 8-particle change 
yields an isobar (same atomic weight, different atomic number) while 
the emission of an a-particle followed by two B-particle emissions results 
in the production of an isotope (same atomic member, different atomic 
weight). For example in the series given below : ` 


c EX = 
$ RaA ——— RaB ——— RaC ———> RaC' 

Atomic number 84 82 83 84 

Mass number 218 214 214 214 


RaB, RaC, and RaC' are isobaric with one another while RaC' is 
isotopic with RaA, being produced from it by one a-particle change 
and two §-particle changes. 


Problem 1. Uranium-238 (atomic number 92) during various 
disintegration steps loses 8 a- and 6 Q-particles. What will be the 
atomic weight and atomic number of the new product ? 


Solution, The loss of an a-particle decreases the atomic weight 
by4 units and the atomic'number by two units. Hence, the loss of 
8 a-particles from *33U would cause "a decrease of 32 units in the 
atomic weight and of 16 units in the atomic number. Thus, the 
resulting element will have— 

Atomic weight=238—32=206 
Atomic numbere92—16 — 76, 

: Emission of a B-particle does not cause a change in the atomic 
weight but increases the atomic number by | unit. Thus, the loss of 
6 B-particles will cause an increase in the atomic number by 6 units. 
Hence, the end product will have 

Atomic weight =206 


Atomic number=76+6=82 


"In some cases of artificial radioactivity, the isotopes disintegrate with the 
emission of positrons, +1. In such cases, the daughter element is displaced one 
position to the left since its atomic number will be less by one than that of the 
parent element. 
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8 
Element _ Uranium Ea [ ] iS Lead 
Atomic number 92 76 82 
Atomic weight 238 206 206 


. Example 2, By natural radioactivity *33U undergoes the follow- 
ing changes. 


238U + Ux, + a-particle 
Ux, + Ux; + 8-particle 
Determine the atomic number and mass number of Ux, and Uxe. 


; Solution, Loss of an a-particle decreases mass number by 4 
units and ato mic number by 2 units. Hence, 


Atomic number of Ux,;=92—2=90 
and, mass number of Ux, = 238 —4=234 


-a 
That is 252U ——> *$9UX1 


Loss of a B-particle increases the atomic number by ! unit but 
does not change the mass number. Hence, 


Atomic number of Uxg-904-1—91 
and, mass number of Ux; —that of Uxy=234 


—P 
That is *$9Uxj, —> *$1Uxg 


It is obvious that Ux; and Ux are isobars. 


6. Half-life Period 


The number of nuclei disintegrating per unit of time for a given 
radioactive substance is directly proportional to the mass of the 
substance, i.e., to the total number of atoms of the substance. There- 
fore, the radioactivity of substance (i.e., the amount of radiation 
emitted by it) regularly decreases with time, but is never lost comp- 
letely. The activity of radioactive substances is therefore compared 
in terms of their half-life periods. The half-life period (t1,9) of a 
radioactive isotope is the time required for one-half of a given mass of 
the isotope to undergo disintegration (and thereby lose half its radioacti- 
vity). This means that whatever be the amount of a radioactive 
isotope at the start of an investigation, after each half-life period only 
one-half of its previous amount will remain, the other half will have 
disintegrated. Thus, the half-life period indicates the activity of a 
radioactive isotope, since shorter it is, the greater is the number of 
atoms disintegrating, and vice versa. It also Tepresents the span of 
time during which the radioactivity of the isotope is useful. 


The half-life periods vary enormously with different isotopes. 
For example, polonium-214 has a half-life of only 1:64x 1074 second 
while uranium-238 has-a half-life of 4°51 x 109 years. 
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Fig. 18-5 shows a typical radioactive disintegration curve. At 
the end of each half-life period, one-half of the previous amount of 
the radioactive isotope remains, or, half of its previous activity 
remains. As this relationship continues indefinitely, no matter how 
much time passes, a radioactive subsatance will never lose its activity 
completely. The knowledge of the half-life period concept is very 
useful in dating past events. 


=- 
ò 


fraction of radioactive material remaining 
e 
à 


tae: a TA 
number of half lives elapsed 


Fig. 18-5. Radioactive disintegration and half-life, 


Problem 18.1. The half-life period of radon, * $a Rn, is 4 days. 
A tube containing 1 microgram (one millionth of a gram, 0000001 g) 
qu was stored for 16 days. How much radon remained in the 
tube 


. Solution, Fvery 4 days one-half of the remaining radon will 
disintegrate, That is, 


days 0 4 8 12 16 
radon left 100 0°50 0°25 — 0:125 00625 micrograms - 


7. Radioactive Disintegration Series 


A radioactive isotope, being unstable, disintegrates by «- or B- 
emission to produce a more stable isotope. However, the resulting 
isotope may still be radioactive and, if so, it too disintegrates. The 
series of changes occurring in this way stops when a stable, j.e., non- 
radioactive nuclear species is reached. All the species in one chain, 
from the initial one to the stable end product, constitute a radioactive 
disintegration series. A radioactive disintegration series may be - 
defined as a series of isotopes starting with a parent (first member) 
which changes.stepwise into different radioactive isotopes, finally pro- 
ducing a stable (non-radioactive) isotope. ] 
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. There are three disintegration series of naturally occurring 
radioactive isotopes These are named the thorium series, the 
uranium series, and the'actinium series after the common radio- 
active elements thorium, uranium and actinium which belong to these 
series, Each of the series terminates with an isotope of atomic number 
82, lead : the thorium series with *32Pb, the uranium series with 

8$Pb, and the actinium series with 4^ Pb, 
soep te uranium series, originating with *}2U and ending up with 
*32Pb, is given in Table 18-2. Each step in the series leads to a new 
isotope until the stable *$2Pb isotope is formed after a loss of a 
total of 32 mass units, 

Table 18-2 The uranium disintegration sèries 
—————ÀÀ——— e ee eee eG Pd Lich aha RTA. 

= —8,Y a 6 e! =y 
2U — *3$th —> *$4Pa —— *3$U —> f38Th—> ?2?Ra 
-ay 

CIT o y RRS Oty NRA 21 ER realy 

32Pb €— *;1Po +— *}$Bi «— *12Pb —— Ei 2P0 «— *22Rn 


jm 


210p; me E 
88Bi —— *11Po ——> *$1Pb. 


, , A fourth disintegration series was discovered following the arti- 
ficial transuranium elements (sec. 11). This series is called the neptui- 
nium series after its member of longest half-life. The end product 


of the series is an isotope of bismuth, *$$Bi, 


The mass numbers of isotopes in any series change only when 
a-particles are emitted (not when f-particles are emitted). The change 
in mass numbers, therefore, occurs in units of 4. Thus, the mass num» 
bers of the isotopes in any radicactive disintegration series will all be 
divisible by 4, or by 4 with a remainder of !, 2, or 3, Correspondingly, 
the four disintegration series are referred to as the 4n series (thorium 
series 1), 4n+ | series (neptunium series), 4n- 2 series (uranium series) 
and 4n +3 series (actinium series), 


8. Transmutation and Decay 


In radioactive disintegration, the nucleus of the atom changes 
to give ari atom of a different element or a different isotope of the 
original element The change of an atom of one element into an 
atom of another element is commonly referred to as transmutation, 
Transmutations occur naturally in a number of isotopes and can also 
be effected artificially. When the transmutation is from aa element 
of higher atomic number into one of lower atomic number (as it is 
in all natural transmutations), the term ‘decay’ is often used. In the 
uranium disintegration series, for example, radium decays to radon 
and finally, to lead. In fact, the terms radioactive disintegration and 
tadioactive decay are often used interchangeably. Thus, the disin- 
tegration series are also called decay series. 
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9. Artificial Transmutation of Elements 


It has been found that the nuclear composition of an element 
can be changed by bombarding it with particles, such as protons, 
neutrons, electrons, etc., (the element being bombarded is referred to 
as the target element). The resulting nuclear species may produce a 
new isotope of the same element or an isotope of another element. 
The first artificial transmuiation was caused by Rutherford in 1919. 
He bombarded nitrogen atoms with alpha particles when the trans- 
mutation of nitrogen to oxygen occurred by the following reaction 


14N + 2He > 730 + 1H 


The particle that is to bombard the nucleusin the target element 
must be accelerated to high speeds, in order to penetrate the nucleus. 
This is achieved by subjegting the particles to alteriate attraction 
and repulsion in an accelerator. Two comi;esly used accelerators 
are the cyclotron for positively charged particles. and the bytatron for 
electrons. Acceleration of positively charged bombarding particles, 
e.g, protons, deuterons (nuclei of deuterium atoms, 1d), and alpha 
particles, also serves to increase their kinetic energy high enough to 
ecu the repulsion between them and the positively charged 
nucleus. 


Neutrons produced in a nuclear reactor are a favourite bom- 
barding particle because, being uncharged, they are not repelled or 
attracted by atomic nuclei. Slow neutrons are more effective than 
fast ones, the high velocity neutrons usually passing through a 
nucleus without changing it. 


We may now define artificial transmutation as the process of 
producing new elements by bombarding non-radioactive elements with 
high velocity particles. The transmutation reactions are usually 
classified on the basis of the bombarding particle and the particle 
ejected in the reaction (the particles are named in this order) as 
(n, p) reactions, (p,a) reactions, etc. Some of the transmutation 
reertions are illustrated by the following equations : 


i7Cl + n> 35S + ip (n, p) reaction 
T5Al + òn > ifNa + $a (n, a) reaction 
11Na + iH + H2Mg + im (p, n) reaction 
18C + iH CONGR Y (p. y) reaction 
17Cl + 7d > 38Ar + im (d, n) reaction 
The yields in induced nuclear reactions or artificial transmuta- 


tions are extremely small because only one in about a quarter of a 
million projectiles is able to hit a nucleus (atom is largely hollow !). 


10. Artificial Radioactivity 


__. The bombardment of nuclei with high-velocity projectiles often 
yields isotopes of common elements which are artificially radio-active. 
They undergo radioactive disintegration into elements of different 


NUCLEAR CHEMISTRY 217 


atomic numbers and have characteristic half-life periods., The radio- 
activity of artificially produced isotopes is called induced, or, artificial 
radioactivity. Usually, the man-made radioactive isotopes disintegrate 
in a single step but the members of neptunium series disintegrate in 
a series similar to natural disintegration series. 


Artificial radioactivity was first discovered by F. Joliot and 
his wife Irene (daughter of Mme. Curie) in 1934. They bombarded 
aluminium with alpha particles from polonium when a radioactive 
isotope of phosphorus was produced with the emission of neutrons. 


27Al + iHe — 1$P + on (a, n) reaction 


The resulting isotope of phosphorus disintegrates to produce a stable 
isotope of silicon through a positron emission. 


15P — HSi + +e 
Similarly, the « particle bombardment of boron produces a 


radioactive isotope of nitrogen, '$N (half-life period 11 minutes), 
which disintegrates into ^C through a positron emission. 


19B + iHe + "2N + òn (a, n) reaction 
+C + +e 


Artificial radioactivity finds application in the production of (1) 
transuranic elements (ie. elements with atomic number above 92, 
(2) elements of atomic numbers 43, 6!, 85, and 87, which do-not 
occur in nature, and (3) radioisotopes of various clements. 


11. Transuranium Elements 


Uranium, atomic number 92, is the heaviest naturally occurr- 
ing element. In 1940, McMillan and Abelson succeeded in creating 
two new synthetic elements with atomic numbers 93 and 94 which 
were named neptunium (Np) and plutonium (Pu) respectively, They 
bombarded natural uranium, *33U, with neutrons when a heavier 
isotope, *32U, was produced. This isotope yielded neptunium and 
plutonium by two successive beta emissions. 


2380 + in 22U ——> *3$Np —— *S4Pu 


Plutonium is now being made on a large scale for the produc- 
tion of atomic energy and atomic missiles. 


Besides these two man-made or synthetic elements, nuclear 
scientists have created by similar processes eleven more elements 
with atomic numbers rising continuously up to 105. These are 
americium (95), curium (96), berkelium (97), californium (98), 
einsteinium (99), fermium (100), mendelevium (101), nobelium (102), 
lawrencium (103), rutherfordium (104), and halihium (105). All 
transuranic elements are radioactive and most of them have short 


half-lives. 
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12, Radioactivity and Chemical Change 


Radioactive disintegration results in the formation of new 
substances, like it is with chemical changes. Radioactivity is, 
however, distinct from chemical change in the following respects : 


1. Radioactivity is not influenced by physical conditions such 
as temperature and pressure, or by the effects of electric or magnetic 
fields. 


2; The radioactivity of an element remains unaffected by other 
element or elements compounded with it. One milligram of say 
radium, whether in the elementary state or in any one of its salts, 
eg., radium bromide, radium, nitrate, etc., produces the same 
intensity of radioactivity. This shows that radioactivity is a nuclear 
property and does not involve outer electron activity. 


3. Radioactivity is associated invariably with the liberation of 
vast amounts of energy—about 107 to 108 times as much as that 
liberated in a chemical change involving the same weight of a 
substance. 


4. Radioactivity involves the nucleus of the atom which under- 
goesa thorough change; ordinary chemical changes involve only the 
rearrangement of outer electrons, while the atomic nuclei remain 
unaffected. 


13. Nuclear Fission 


When certain heavy atoms, e.g., uranium-235 or plutonium-239 
are bombarded with neutrons, they split into two nearly equal parts. 
The change is accompanied with the release of two or more new 
high-velocity neutrons per nucleus split up and a large amount of 
energy. This process of a heavy nucleus splitting into more stable 
nuclei with mass numbers from 83 to 154 is known as nuclear fission. 
The products of nuclear fission, which are intensely radioactive, are 
called fission products. 


In the case of ?95U, the following equation represents one mode 
of nuclear fission, out of many possible : 


*$8U + on — ?i8Ba + 83Kr +3 n 
The total mass of fission products is about 0'2 mass units less 
than the mass of the uranium atom and a neutron, This corresponds 
to the release of a large amount of energy since energy and mass are 


related by the equation E=mc®, where E is energy in ergs, m is mass 
in grams, and c the velocity of light in cm/sec. 


The energy released in nuclear fission is called the nuclear 
energy or the atomic energy, The energy liberated from the nuclear 
fission of a kilogrom of uranium-235 is about 25 million times as 
much as that produced by burning of a kilogram of coal. 
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The neutrons released during nuclear fission may cause the 
fission of other nuclei when more neutrons are emitted. Thus a 
‘chain reaction is set up which will maintain itself indefinitely. The 
chain reaction can be kept under control! by using substances which 
absorb neutrons. In an atomic bomb the chain reaction is allc ,'ed 
to build itself up at maximum speed so that all the atoms of U-235 
or Pu-239 undergo fission simultaneously liberating terrific amounts 
of energy. 


* NEUTRON MODERATOR 
ABSORBS NEUTRONS 


FRAGMENTS NUCLEAR CHAIN 
OF ATOM REACTI 
Sh a d Edi 
NEUTRON ~ atf P d 
; Ox I NEUTRONS 
NUCLEUS MICLFUS S 


S 
Fig. 18-6. Chain reaction in the fission of U-235. 


14, Nuclear Fusion 


The fusion of two light nuclei into a heavier and more stable 
nucleus is also accompanied by large conversions of mass into energy. 
Such reactions are called muclear fusions. Thus, at a temperature 
of about 10,000,000°C produced by exploding a fission type bomb, 
deuterium, ?H, and tritium, 1H, fuse to form helium and a neutron, 


1H + iH — tHe + on + energy 


This change is accompanied by a conversion of about 0'4 per 
cent of mass into energy. This nuclear reaction forms the basis of 
the hydrogen bomb. Hydrogen bomb can be made thousands of 
times more destructive than the fission type atomic bomb because 
more energy is liberated per gram fuel (reactants) in a fusion reaction 


than in a fission reaction. 


15, Nuclear Reactors 


A nuclear reactor is a device to keep the chain reactions of 
fissionable materials under control so that they can deliver a cons- 
tant supply of heat energy and serve as a convenient source of 
neutrons for producing plutonium, etc. It consists of three compo- 
nents : 

(1) The fissionable material or fuel such as uranium, 
plutonium, etc., sealed in aluminium cans. Itis also called the core 


of the reactor. 


(2) A moderator such as highly purified graphite, and pure 
heavy water, to reduce the velocity of neutrons. When graphite 
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is used as the moderator, the reactor is usually called an atomic 
pile; when heavy water is used, it is called a swimming pool 
reactor, 


(3) Control rods of cadmium or boron steel to absorb 
neutrons. Whenever the chain reaction becomes violent, these rods 
are pushed into the pile. 


The aluminium cans containing the fissionable material and 
removable control rods are inserted in the moderator as shown in 
Fig. 18-7. Since neutrons have a highly damaging effect on living 
tissues, the reactor is enclosed in a thick shield of lead, lead glass, or 
of special concrete. 


electrical instruments, graphite 
buried in the plte moderator 


control rods of 
cadmium steel 


— 
hot water 


oou LPS tS SSM Wg 
core of natural uranium 
(U-235, 0 7% ; U-238, 99 3^;) 
sealed In aluminium cans 


thick shield 
of lead or 
concrete 


Fig. 18-7. An atomic pile. 


The reaction is started by stray neutrons from cosmic rays. 
The neutrons released during the fission keep the chain reaction 
going. The thermal energy produced as a result of nuclear fission 
is constantly removed by using a coolant. Air, carbon-dioxide, 
water, liquid sodium, etc., have all been used for this purpose. For 
producing plutonium, a valuable fissile material, 'core' of uranium 
is used in the reactor. Most of the neutrons’ not used in causing 


NU CLEAR CHEMISTRY 221 


further fission cause uranium-23 
following reactions : uranium-238 to change into plutonium by the 


23 min. 
aiU + in - HU ——9 *33Np + -te 


23 days 
*HPo + fe 


_ Often, other elements enclosed in aluminium cans are tempo- 
rarily inserted into the pile, Here they are subjected to intense 
radiation and conyerted into radioactive isotopes. Many of the 
radioactive isotopes thus produced find a wide variety of applications 
in different fields. 


16. Applicctions of Radioactive Isotopes* 


1, In medicine, Radioactive isotopes which produce strong 
gamma radiations are used for the radiation treatment of cancer, 
Radioactive cobalt, Co (half-life 525 years), has largely replaced 
the more expensive radium. It is culled the ‘the poor man's. radium", 
lodine-131 (half-life 8 days) is used internally in the treatment of 
the cancer of the thyroid gland because of its tendency to accumulate 
thereafier ingestion. Radioactive phosphorus is used for internal 
irradiation of bone marrow. 

2. For dating inorganic and organic material, Radio» 
active isotopes are extremely useful in dating past events. The age of 
certain rocks and mineral deposits has been estimated by ene | 
the ratio of uranium to lead. These estimations give an age 
around 4 5 billion (4'5 x 109) years for the earth's crust. 

Radiocarbon dating. By using the half-life of the radioactive 
isotope MC, it is possible to estimate the age of archeological objects 
consisting of organic material, e.g., wooden objects, The cosmic 
rays bombarding the atmosphere produce neutrons which cause a 
very small proportion of nitrogen atoms to transform into MC, 


MN + In C+ 1H 
The numer of cosmic rays entering the atmosphere from outer 
D being relatively constant, there has been an cquilibrium between 
tbe 14C and 22C content of atmospheric carbon dioxide for ages. 
The atmospheric carbon dioxide is incorporated into vegetation by 
hotosynthesis and, in turn, into animals feeding on vegetation. 
us, the ratio of C to IC (which is not joactive) remains 
fairly constant in all living organisms, plants or animals. When the 
living organism dies, it no longer takes in COs from the atmosphere, 
and the amount of ‘4C in the remains decreases ry radioactive 
decay. The half-life of carbon-14, a beta emitter, is $ years. So, 
after 5570 years one-half of carbon-14 remains. After 2x $570. years 
4x}. Le, one-fourth of carbon-14 remains. After 3x $570. years 
XA X fe. one-eighth of carbon-14 remains, and so on. So, if an 


I———— 
*Radioactive isotopes are often called radioisotopes. 
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old piece of wood has only half the beta-ray emission per -gram of 
carbon of a new, growing piece of wood, its age is 5570 years. 


This method of dating organic material is called radiocarbon 
dating. 


3. In industry. Radioactive isotopes are use to locate cracks 
and flaws in castings. The rays pass through the castings and are 
photographed. The 'radiographs' thus obtained reveal any defects. 
Foods, drugs, etc., are often sterilized by exposure to radioactive 
rays at normal temperatures. Radioactive isotopes are used for 
determining the thickness of thin foils, paper, etc. by measuring the 
attenuation of their radiation on passing through the material. 
Other uses are checking the wear of material surfaces, determining 
leaks in flow lines, for ionizing air to eliminate accumulation of 
ue electricity during industrial processes where there is a risk of 

re, etc. 


4, As tracers or radioactive indicators, A radioactive 
isotope continually gives out radiation which can be easily detected 
by means of, say, a Geiger counter. This permits its course to be 
followed through a series of chemical or physical changes. In practice 
use is often made of compounds containing a radioisotope of 
one of the elements, e.g, 1?Na in sodium chloride and {5P in 
phosphates. Such compounds are known as 'tagged' or ‘labelled’ 
compounds. Employed in this way radioisotopes are used to study 
the mechanisms and kinetics of chemical reactions, to investigate 
metabolic precesses, and for other similar studies. For example, 
radioactive iron is used to study the mechanism of iron absorption 
in red blood cells, radioactive calcium to study bone and tooth 
formation, and radioactive phosphorus and potassium to study 
formation of nerve tissue. Since a growing tumour preferentially 
absorbs iodine, injected radioactive iodine compounds are used to 
locate a brain tumour. The conversion of COs by plants into 
various compounds and eventually into carbohydrates has been 
investigated by using tagged molecules containing C-14. 


5, In the determination of solubilities of sparingly 
soluble salts. The solubility of PbSO; in water, for example, is 
estimated by mixing a known amount of radioactive lead (Pb*) with 
ordinary lead and dissolving the mixture in nitric acid. The solution 
is treated with HgSO4 when PbSO, is precipitated. 


HNO; H,SO, 
Pb* + Pb —-> Pb*(NOg)2 + Pb(NOs)s —-» Pb*SOg} + PbSO4 € 


The precipitated lead sulphate is filtered off. The amount of 
lead sulphate present in the filtrate in the dissolved state is deter- 
mined by measuring the activity of radio lead (Pb*), 
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: Questions 
1, (a) Define radioactivity. 


. (b) What is the essential difference beiween a radio-active and a nonradios 
active isotope. 


2. (a) What are alpha, beta, and gamma rays ? 


(b) Why do 8-particles have greater penetrating power than the a-particles 
emnating from a radioactive substance ? 


. . (c) When passed through an electric field, the «particles are deflected very 
slightly towards the negative plate, the Q-particles are deflected to a far greater 
am in the opposite direction, while y-rays pass out undeflected, Explain these 
observations, 


3. The figure given in the margin 
represents nuclear radiations in a magnetic 
field perpendicular to the plane of paper. 

(i) Identify x, y and z. 
(ii) Compare the penetrating power and 
the ionizing effect of each kind of 

rays—«, y, and z. 


polonium in 
lead block 


4. Explain the use of the Wilson cloud chamber in the detection of a-rays. 

5. Why is it necessary to take great care when working with radioactive 
substances ? 

6. (a) Describe the construction and working of Geiger-Muller counter. 


(b) Define the two common units used to measure the amount of radio- 
activity. 

7. Rutherford ia, 1919 found that an isotope of oxygen, 170 could be: 
produced by bombarding *$N with alpha particles. The reaction can be 
written as 

14N + tHe > 130 + iH 

(a) What do you understand by }H? 

(6) Is this an example of induced radioactivity or of artificial transmutation 7 

(c) Is this an example of nuclear fission? Give your own example of 
nuclear fission ? 


(d) What is an atomic reactor ? 
(e) What are radio-isotopes ? State one use of such isotopes. 


8. Complete the following nuclear equations : 
(a) $$Co >... +8 (d) 34Ar + — > PCI 
(b) 280 + dn > + ia (©) iiNack 2H — HNe $..- 


(c) $3Ca +... — #28e (S) tBe + $He > + bn 
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9. Write equations for the following processes : 


(a) 35N (n, p), (b) ?3N (p, a), (c) ?80 (n, a) (d) 18A1 (a, p). 


10.(a) How does the composition of a nucleus change when it loses an 
a-particle ? A beta particle ? 


(b) State the group displacement law. 
11. (a) Write a short note (6-7 lines) on the half-life period of a radioactive 
substance. 


(b) What is meant by saying that the haif-life of a radioactive isotope is 
24 days ? 


12. (a) There are four different radioactive disintegration series. One of 
these differs from the other three in the end element, Name this series. 


(b) The uranium disintegration series is referred to as (4n4-2) series. What 
does this mean ? ` 
(c) Making use of the radloactive element *38U, show that by successive 


emission of one «- and two 8- particles an isotope is obtained. (The successive 
products máy be represented by the symbols X, Y and Z). 


13. Explain the meaning of each of the following terms : 
i. Transmutation iii. Nuclear fission 
ii. Decay iy. Nuclear fusion. 
14. Write two equations to illustrate artificial transmutation of elements. 
15. For effecting artificial transmutations, the a-particles and protons are 
acclerated but not the neutrons. Why? 
16. Write a short note, with a suitable example, on cither ‘artificial radio- 
activity’ or ‘transuranic elements’. 
17. In what respects is radioactivity different from chemical changes ? 


18. Give a brief account of nuclear fission and the energy released as a 
result thereof. 


19. Write an explanatory note on nuclear fusion, 
20. Describe the main parts of a nuclear reactor and its working. 


21. (a) Give a brief account of the typical uses of radio-isotopes. 
(b) A radioactive isotopes of a Certain element called «he Poor Man’s 
Radium’ is used for the treatment of cancer. Name the element of the isotope. 
22. Describe in brief the method of radiocarbon dating. 
pes 2» State with reasons whether each of the following statements is true or 
(a) Isotopic atoms have the same mass numbers. 


(b) Emission of an alpha particle results in the loss of two positive charges 
from the nucleus of the radioactive atom. 


(c) Loss of an electron from the nucleus of an atom puts it in the next 
higher group of the periodic table. 


(d) Gain of a neutron is equivalent to the gain of an atomic number. 

(e) Beta rays are streams of negatively charged particles, 

(f) Nuclear fission usually results in the release of a large amount of 
energy. 
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Key 


1, (b) The nuclei of radioactive isotopes are unstable, spontaneously 
undergoing disintegration by the loss of a-particles or $-particles to change imo 
more stable nuclei. With nonradioactive isotopes no such process occu:s. 

2. (b) Because of their minute size and high speed. 


(c) Owing to their positive charge, the «-particles are deflected towards the 
negative plate while the $-particles, owing to their negative charge, are deflected 
in the opposite direction, /.e., towards the positive plate. The smaller deflection 
of «particles is due to their heavy mass and large momentum. The heavy 
deflection of 8-particles is due to their mass and momentum teing much smaller, 
The y-rays are not deflected as they have no charge. 


3. i) X: a-particles (large deflection) 
Y : y-rays (no deflection) 
Z : p-particles (large deflection) 
(ii) Pentrating power : y-rays>-rays > a-rays 
lonizing effect : a-rays » p-rays » y-rays. 


7. (a) 1H stands for a proton or hydrogen nucleus. 
(b) Artificial transmutation. 
(c) It is not an example of nuclear fission. An example of nuclear fission is 
"HU + èn c IiPBa + SEK: 3 in 
8. (a) $2N/ (b)'3C (cH (d)-fe (e)iHe (/) $C. 
9. (a) *4N + òn > "$C + ip 
() IN + ip $C + da 
(O20 + in- NC + te 
(d) 33Al + $He + {$P + iH 
M. (b) The statement means that any given amount of the radioactive 


isotope will be reduced to exactly one-half at the expiry of 24 days, and iis aetivily 
(amount of radiation emitted) will correspondingly be reduced to one-half, 


12. (a) Neptunium series. 


(b) The mass numbers of all isotopes constituting the series are devisible 

by four with remainder of 2. 
—u 

(c) *8U — 888K — BEY — iz. 

23. (a) False. Isotopic elements bave the same number of protons but 
different number of neutrons in their nuclei; so, their mass numLers (sum of 
protons and neutrons) are different. 

(b) True. Alpha particles carry a charge of +2; $0, the emission of an 
alpha particle from the nucleus will cause the positive charge on it to be reduced 
by 2 units. 

(c) True. Loss of an electron involves the conversion of a neutren in the 
nucleus into one proton; as such, the nuclear charge, or, the atomic number is 
increased by one. 


(d) False. The atomic number is determined by the number of protons in 
the nucleus and not by the number of neutrons. 
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(e) True. The beta rays are deflected in an electric field towards the 
positive plate. 
(f) True. Nuclear fission is accompanied by some loss in mass which is 
converted into energy according to the equation E-mc*. 
Problems 


1. The following data was obtained from a Geiger Counter in respect of 
a radioactive isotope : 


Time (min) Counts/min 
0 1000 
5 800 
10 650 
15 500 
20 350 


(a) Calculate the half-life of the isotope. 
(6) What will be the num»er of counts/min at the 30th minute ? 
[Ans. (a) 15 minutes, (b) 250] 


2. If the half-life period of a radioactive element is 4 years and the initial 
amount is 0:16 g, how much of it will be left over after 12 years ? Ans. 0:02 g] 


3: A radioisotope has a 5-year half-life, After a given amount decays for 
15 years, what fraction of the original isotope remains ? [Ans. 1/8] 


. 4. (a) If an atom of radium, *&3Ra, decays by the loss of a p-particle, 
what is the relative atomic mass, and the atomic number of actinium (symbol Ac) 
atom formed, Give the symbolic representation also. 


(b) Again, if the resulting‘atom of actinium, Ac, undergoes further decay 
by the loss of one alpha particle, what will be the relative atomic mass and atomic 
number of the resulting atom of radon (symbol Rn). 

[Ans. (a) *$$Ac (b) *s?Rn] 


i 5. Neutrons produced Ey the interaction of cosmic rays and atomic nuclei 
enter into the following reaction with atmospheric nitrogen : 


*3N + on > $C +X 
Give the name, atomic number, and mass number of X, [Ans. Proton, 1, 1] 


6. The atom of an elements X with atomic number 15 and mass number 
31 absorbs one neutron when irradiated with neutrons and is converted to its 
radioactive isotope Y which is a: beta emitter. Isotope Y then decays and is 
changed to an element Z which forms a gaseous hydride of formula HZ. 


(a) Deduce the mass number and atomic number of Z. 
(b) What is the molecular weight of H;Z ? 
(c) To which groups of the periodic table do X, Y, and Z belong ? 


(d) What are the molecular formula and molecular weight of the hydride 
ofY? 


[Ans. (a) Mass no. 32; At. No. 16. 
(b) 34 (2x 1432). 


(c) The atomic numbers of X, Y and Z being 15, 15 and 
16, they belong to Groups V, V and VI respectively. 


d) HE (' Belonging to group V, the valency of Y 
is 3). x 
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1 7. When a radioactive element of atomic weight 230 gave out 6x10! 
disintegrations it decreased in mass by 2:3 x 10-* mg. How many disintegrations 
will be produced when it loses one gram atomic weight of the element ? 

[Ans. 6x 10*"] 


[Hint. 2:3: 10-* mg : 6x 10" disintegrations- 230 g : n disintegrations]. 
8. A radioactive element A emits x-particles and is converted into another 


radioactive element B which is a beta emitter. B is changed to C which is another 
beta emitter. The final product formed is D. 


(a) If the mass number of A is 238 and its atomic number is 92, deduce 
the mass numbers and atomic numbers of B, C and D. 


(b) If A belongs to group VI of the reriodic table, indicate the groups to 
which B, C and D belong. 


[Ans. (a) Mass numbers : B=234, C234, D=234; 
Atomic numbers : B=90, C=91, D 92. 


(b) B, Group IV; C, Group V; D, Group VI. 


gd 


PART III 


Organic Chemistry 


19 


Some Basic Concepts 


In general, organic compounds exist as covalent molecules—a fact 
which accounts for their general characteristics such as Jow melting 
points, low boiling points, poor solubility in water and high 
solubility in nonpolar solvents, lack of electrical conduction in 
water solutions, etc. In the covalent bond there is a sharing of one, 
two, or three-valence pair of electrons between the associated 
atoms. However, this simple treatment of covalent bond formation 
is inadequate for understanding the nature of chemical bonding in 
organic compounds, and calls for further elaboration, 


In this chapter we shall study the concepts of orbital overlap in 
covalent bond formation, sigma and pi bonds, and the hybridiza- 
tion of atomic orbitals, which are of great value in understanding, 
describing, and predicting the geometry of organic molecules. 


1. Orbital Overlap in Covalent Bonding 


The covalent bond is formed by the coalaescing or overlapping 
of atomic orbitals. This may be illustrated with the formation of 


the hydrogen molecule, Hg, from two separate hydrogen atoms. 
Hy) + Ho) > Hag) + 435 kJ 


The equation shows that the formation of 1 mole of Hg molecules 


is accompanied with the release of 435 kJ of energy. Obviously, the 
Ha molecule has lower energy and is, therefore, more stable than two 
separate hydrogen atoms. 

A free hydrogen atom consists of a proton (the positively 
charged nucleus) surrounded by a spherical electron cloud correspond- 
ing to the Is electron. When two hydrogen atoms with opposite 
spins approach each other, their nuclei exert a force of repulsion and 
so do their electron clouds. However, as the atoms approach closer, 
the forces of attraction between the nucleus of one and the electron 
cloud of the other emerge (Fig. 19-1), and the energy of the system 
is decreased. The energy falls and reaches a minimum value at a 
certain internuclear distance, any closer approach causing a sharp 
rise in internuclear repulsion (Fig. 19-2, curve 1). The minimum on 
the energy curve indicates the gain in energy, E, during the formation 
of Hz molecule from free H atoms and corresponds to the most 
stable internuclear distance, ro, in. the Hə molecule. This distance 
is the equilibrium bond length in the molecule. In the hydrogen 
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atoms with parallel spins, only the forces of repulsion exist and the 
forces of attraction do not arise (Fig. 19-2, curve 2). 


+ 
repulsion 
ror 
> ri 
© 9 
© $ energy of 
$0 free H atoms 


i 3 


attraction 


internuclear distance 


Fig. 19-1, Forces acting between Fig. 19-2. Variation in the potential energy of 
two hydrogen atoms; theelectron a system of two hydrogen atoms with inter- 
clouds are shown by large circles, nuclear distance; curve 1 for atoms with 
the forces of attraction by +-+, opposed electron spins, curve 2 for atoms 
and'the forces of repulsion by.... with parallel electron spins. 


The formation of the Ha molecule at the internuclear distance 
corresponding to minimum energy results from the partial over- 
lapping of the ls orbitals of the two hydrogen atoms. This is 
represented in Fig. 19-3, 


+ 
H atom H atom overlapping of 
(1s orbital) (1s orbital) 1s orbitals of 
two H atoms 


Fig. 19-3. Overlapping of the 1s orbitals of two hydrogen 

atoms in the formation of H, molecule (shading represents 

the electron clouds; inner black circles represent nuclei). 

Note that the electron density is maximum in the region 
in which the orbitals overlap. 


As a result of orbital overlap, each of the two electrons comes 
in the field of both atomic nuclei. Since cach electron is electro- 
statically attracted by two nuclei rather than bv one (as in the 
separated atoms), the new system is more stable than two isolated 
hydrogen atoms. It is the simultaneous attraction of the two nuclei for 
the electrons that holds the atoms together and constitutes a chemical 
bond between them. The bond arising from the overlapping of 
orbitals is called a covalent bond. It is usually shown by a dash 
placed between the atoms linked together, e.g, H - H, which signifies 
8 pair of electrons shared between the atoms each of which has 
contributed one electron to the shared pair. The sharing of electrons 
is often shown by representing valence electrons as dots placed 
between the atoms : 


H' *T.H—H:H 


SOME BASIC CONCEPTS 5 


1-1. Conditions for orbital overlap. When two atoms whose 
electrons have parallel spins approach each other, the energy increases 
and repulsive forces alone are manifested (curve 2, Fig. 19-2). 
Hence, their orbitals do not overlap and no bonding takes place. 
Thus, two conditions essential for orbital overlap and the formation 
of a covalent bond are : 


i 1, Each of the two orbitals which will overlap must have a 
single electron, and their electrons must have opposed spins. 


2. The two atoms must be situated ata distance at which the 
system will have the lowest energy. 


These conditions apply to covalent bond formation in all 
molecules. It must also be remembered that only valence electrons 
are used to form the bond; inner electrons being too strongly bound 
to their own atom to be used in bond formation. 


2. Molecular Orbital 


The overlapping of two atomic orbitals, each containing an 
unpaired electron of opposed spin, results in the formation of a new 
single orbital. The new orbital is called a molecular orbital, and it 
surrounds both of the nuclei in the molecule. The Pauli exclusion 
principle also applies to molecular orbital, and it cannot contain 
more than two electrons of opposed spins. It follows, therefore, that 
each of the atomic orbitals involved in the formation of a covalent 


bond must contain but a single electron. 


Although each of the ‘paired’ electrons may be found anywhere 
within the molecular orbital, they are more likely to be in the region 
between the two nuclei because of their being attracted by both the 
puclei. This is represented by a pulling in of the electron cloud from 
the far side of each atom to the centre of the molecular orbital 
(Fig. 19-4). Note in this figure, that the density of electron cloud is 
greater in the region between the nuclei than at the ends of the 


molecule, 


i arate overlapping of orbitals molecular orbital 
omoes in the Hz molecule in Ho molecule 


Fig. 19-4. Molecular orbital formation in the H, molecule. 


3. Sigma (c) Bond 

A sigma bond is the first bond formed between two atoms in 
a covalent compound by the direct, or head-on, or end-to-end, overlap 
of atomic orbitals. In the organic compounds, the formation of 
sigma (a) bonds commonly involves the s and p orbitals in any 
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combination, i.e., s-s, s-p, and p-p combinations. Fig. 19-5 shows 
the representations of the overlap of (a) two s orbitals, (b) one s and 
one p orbital, and (c) two p orbitals for the formation of sigma (c) 
bonds. 


1 -p overla 
S-8 overlap S:D-OYPUSP 


(om E Le 
CL g «X 


p-p overlap 
Fig. 19-5. Overlapping of atomic orbitals in the formation of sigma bonds. 


A sigma bond is the strongest bond because it has maximum 
electron density between the nuclei. The molecular orbital corres- 
ponding to the sigma bond is cylindrically symmetrical along the 
axis between the nuclei, and is called a sigma (o) orbital. 


4. Pi (=) Bond 


A different type of covalent bond is formed by the side-to-side 
overlap of two parallel p orbitals (Fig. 19-6). The bond thus formed 
has a high electron density above and below the internuclear axis, 
and is called a pi (n) bond. This is a weaker bond than a sigma bond 
since there is a nodal plane, i.c., zero electron probability density, 
along the internucleus axis, as shown in Fig. 19-7. 


Fig. 19-6. Sideways overlap of two p Fig. 19-7. Pi bond with a nodal plane 
orbitals. along the internuclear axis. 
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A pi bond is formed only after a sigma bond has formed by p-p 
overlap; that is, it is the second or 
third bond between two atoms. 
When two atoms, A and B, are 
linked by a sigma bond from p-p 
overlap (Fig. 19-8) each atom is left 
with two p orbitals that are per- 
pendicular to the axis of the o bond. 
These p orbitals are in a position 
to overlap Side ae e o a, 
b) In this way a double bond or a ^ i 
triple bond is formed between the hA AOAI, zv. peo 
atoms; one sigma and one pi bond d Cp 
create a double bond, (Fig. 19-92), and]one sigma and two pi bonds 
give rise to a triple bond (Fig. 19-95). 


Fig. 19-9. (a) A x bond is formed by aU de (b) A ascona eh tone a 
‘si — , giving rise to y side ways ps—p; ov 
pre lc MD WES B. to a triple bond "between A and B. 
5. Covalency of Carbon 

The carbon atom (atomic number 6) in the ground state has 
the electron configuration 1s?, 25, 2p?; the configuration for the 
valence electrons being 2s?, 2pz1, 2p,l, 2p,9. In view of only two 
orbitals containing single or unpaired electrons, one might expect 
that carbon would be divalent in its compounds*. In the over- 
whelming majority of its stable compounds, however, carbon is 
predominantly tetravalent. This is because carbon in the excited state 
has four orbitals containing single electrons as one of the 2s electrons 
is promoted to the vacant 2p orbital. In the pictorial notation— 


C ground - me 


2p 
f 
C excited state - 


*Si ly the orbitals containing unpaired electrons take part in the for- 
mation it OVALNE bond by overlapping with the half-filled orbitals of other 


atoms. 


8 LS,C. CHEMISTRY VOL. IT 


The 2p orbital is at a slightly higher energy level than the 2s 
orbital. Hence, the promotion of an electron from the 2s orbital to 2p 
orbital requires expenditure of energy. However, considerable energy 
is released during the formation of a covalent bond, and the energy 
gained from the formation of the two 'extra' bonds to carbon far 
exceeds the energy required to promote a 25 electron to the 2p level. 
So the whole process of the promotion of a 2s electron to the 2p 
Orbital and the formation of four covalent bonds is energetically 
favourable. 


5-1. Formation of methane molecule, CH,. The carbon 
atom in the excited state has four single-electron orbitals—one 2s 
orbital and three 2p orbitals. These four orbitals overlap with the 
spherically symmetrical Is orbitals of four hydrogen atoms to form 
a molecule of methane. 


C excited state 


4H, ts! 


The electron-dot representation of the formation of methane molecule 
is : 


H H 
Co 4H H:C:H Scale eH, CHa 
H H 


If the formation of methane involved one s and three p orbitals 
of carbon atom, the resulting bonds would not ali be equivalent. In 
such a case, three of the C—H bonds would be separaied by 90° 
(the angle separating the pz, p; aud pə orbitals) while the fourth 
C—H bond, involving the oyeriap of two s orbitals (spherical), would 
have no particular direction. Also, three of the four hydrogen 
atoms in methane would be more firmly bound to carbon than the 
fourth one, since the three p orbitals are more strongly directive than 
the spherically symmetrical s orbital. In fact, ali four bonds in 
CH4 are identical and are separated from one another by an angle 
to 109° 28’. The question therefore arises how electrons of different 
energy levels can form equivalent covalent bonds. The answer is 
given by the concept of hybridization. 
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6. Hybridization 


Half-filled orbitals, differing only slightly in energy, such as 
the 2s and 2p orbitals combine together to give equivalent orbitals. 
The equivalent orbitals formed from different types of orbitals are 
called Aybrid orbitals and the process of their formation is termed 
hybridization. The injtial shapes of the orbitals undergoing hybri- 
dization are altered and hybrid orbitals of a new shape are formed. 
There are several things which should be noted about hybridization 
and the hybrid orbitals : 


1. Only orbitals of nearly similar energy hybridize, for example, 
2s and 2p; or 3s, 3p, and 3d; or 3d, 4s, and 4p. 


2. The number of orbitals that hybridize equals the number 
of hybrid orbitals formed. . For example, if three orbitals of different 
types hybridize, three hybrid orbitals are formed, if four orbitals 
hybridize, four hybrid orbitals result. 


3. Once an orbital is used for hybridization, it is no longer in 
the pure form. For example, if one s and three p orbitals hybridize, 
there are no longer any pure s or p orbitals available for bonding 


4. Hybrid orbitals are more 
elongated on one side of the nycleus 
than the other (Fig. 19-10). That 
is they have a highly  concent- 
rated electron density on one side. 
Consequently, the chemical bond 
formed by hybrid orbitals is stronger 
than one formed from pure orbitals. 
Thus, hybridization is linked with an 
energy gain through the formation ol Fig, 19-10. Cross section of sp 
stronger bonds. hybrid orbital (cn the x-axis). 


5. The hybrid orbitals in an atom are symmetrically distributed 
in space so that they are as far apart äs possible. Four hybrid 
orbitals are distributed along the four corners of a regular 
tetrahedron, with angles of 109° 28’; three hybrid orbitals are in 
a plane-triangle arrangement, with angles of 120°; and two hybrid 
orbitals are in a linear arrangement, at an angle of 180°, 

This fact is of importance in understanding and predicting the 
geometry of molecules formed by the overlapping of hybrid orbitals. 

Hybridization may now be defined as follows : 

The merger of dissimilar orbitals of nearly the same energy on 
an atom to give an “equal number of new orbitals identical in shape and 
energy and distributed in space as far apart as possible is called 
hybridization. 

7. sp? Hybridization 
The carbon atom in excited state uses one 2s and three 2p orbi- 


tals for bonding with four hydrogen atoms to form the molecule of 
methane, CH4. These four orbitals hybridize to give four equivalent 
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sp? (pronounced es-pee-three) hybrid orbitals, so called in view of 
the type and number of orbitals combined. Each sp? orbital has 1/4 s 
character and 3/4 p character. 


hybridization 


ges ETT] 


sp sp? sp! sp? 


The four sp* orbitals are directed towards the four corners of a 
regular tetrahedron and, thus, separated by an angle of 109° 28 


(Fig. 19-11). j 


tb 


Fig. 19-11. Hybridization of one s and three p orbitals to give four equivalent 
sp* orbitals directed towards the corners of a regular tetrahedron. 


Formation of methane molecule. Fach of the four sp? hybrid 
orbitals of the carbon atom (Fig. 19-12, a) overlaps with spherically 
symmetrical 1s orbital of a hydrogen atom to form a molecule of 
methane, CH4 (Fig. 19-12, b). Since the orbital overlap occurs in 
head-on fashion, all the four C—H bonds in the molecule are sigma 
bonds. These bonds form on angle of 109* 28' with each other 
corresponding to the angle between the sp? hybrid orbitals (Fig. 
19-12, c). The sp? orbital, being greatly concentrated in the bond 
direction, forms stronger bonds than a pure p orbital. 


(a) (b) (©) 


Fig. 19-12. Orbital overlapping of the s orbitals of hydrogen atoms and 
sp* orbitals of carbon atom in the formation of methane molecule. 
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Formation of ethane molecule. Consider two carbon atoms, 
each having four sp? hybrid orbitals. One sp? orbital of one carbon 
atom overlaps head-on with an sp orbital of the other carbon atom, 
forming a C—C sigma bond. The remaining three sp? orbitals on 
each carbon atom overlap with the 1s orbitals hydrogen atoms to 
forin tH C—H sigma bonds (Fig. 19-13). The result is a molecule 
ot ethane. 


qe 


Fig. 19-13(a). Orbital overlap (b) Type of bonds in ethane 
in ethane molecule, molecule. 

The structures of higher alkanes, and of halogen substituted 
alkanes (e.g., CHaCl, CHaCle, CsH5Cl, etc.) can be similarly derived. 
The C—halogen bond, formed by the head-on over ap of an sp? orbital 
of carbon with a p orbital of the valence shell (n.2, npz?, np,*, np;!) 
of the halogen containing single electron, is also a sigma bond, 

8. sp? Hybridization 

The double bond in alkenes, e.g., ethylene HoC- C1, is con- 
structed of two sp? hybridized carbon atoms. In the excite carbon 
atom, two of the three 2p orbitals, say pz and p, orbitals, hybridize 
with the 2s orbital to give three sp? hybridized orbitals. 


The three sp? hybrid orbitals lie in a plane, disposed at an 
angle of 120° to one another (Fig. 19-14). 


Fig. 19-14. Hybridization of one s and two p orbitals to give three 
peres. sp? oribitals disposed at an angle of 120* to one another. 


The third p orbital of the carbon atom, which did not partici- 
pate in hybridization, is perpendicular to the plane of the hybridized 
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sp? orbitals. It is used for bond formation as a pure p orbital (Fig. 
19-15). 


Fig. 19-15. sp* hybridized carbon atom 
having 3 sp* hybrid orbitals and one 
pure p orbital. 


Formation of ethylene molecule. In ethylene, HsC— CH», both: 
carbon atoms are sp? hybridized. Two sp® orbitals of each carbon 
atom overlap s orbitals of two hydrogen atoms, whereas the third 
sp? orbital of one atom overlaps the third sp? orbital of the other. 
Thus, the carbon atoms are joined to the hydrogen atoms and to: 
each other by sigma bonds, with 120? bond angles This is shown 
in Fig. 19-16. 


Q NVa 
vici AT 


Fig. 19-16. Formation of g bonds in ethylene. 


The remaining two p orbitals (one for each carbon), which did 
not participate in hybridization, overlap laterally. This overlap: 
results in a x bond between the carbon atoms. It is shown in Fig. 
19-17 (a) by the double horizontal lines. 


" 
bigis gH 
H o ——C\ H 
(a) (5) 
Fig. 19-17(a) The pi bond (b) The charge clouds ofthe 


in ethylene. v electrons in ethylene. 
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Carbon-carbon double bond. Itis obvious that although the 
conventional structural formula of ethylene, 


H H 
AUR 
HC NH 


shows both of the bonds ofthe double bond as equivalent, this is 
not so. The carbon-carbon double bond consists of two types of 
bonds : one is a sigma bond formed by the overlapping of two sp? 
hybrid orbitals, the other is a pi bond formed by the overlapping of 
two p orbitals. Whereas the c bond is stable and localized, the x 
bond is less stable and the electrons are more mobile in character. 
This is because the negative charge of the m electrons is screened 
from the attraction of the nucleus by the c electrons as a result of 
which the 7 electrons are less firmly bound to the carbon atom than 
the c-electrons. [n quantitative terms, the bond energy (the energy 
required to break the bond) is 83 kcal/mole for the sigma bond, 
while the value for the x bond is 64 kcal/mole. 

Planar molecule of ethylene. The four hydrogen atoms in 
ethylene and the two carbon atoms attached to the double bond all 
line in one plane and the x electrons are perpend cular to that plane. 
Hence, the ethylene molecule is planar with 120* bond angles. 


9. sp Hybridization 

The carbon atoms in acetylene, HC=CH, are sp hybridized. 
That is, the hybrid orbitals are formed from one s and one p orbital 
in the excited carbon atom, leaving two pure p orbitals. 


p SEL ^ ceps 


sp 
The two sp hybrid orbitals are located at an angle of 180° in 
a linear arrangement (Fig. 19-18). The two pure p orbitals are per- 
pendicular to one another and to the sp axis (Fig. 19-19). 


pe 


Fig. 19-18. Hybridization of one s and one Fig. 19-19. An sp hybri- 
p orbitals to give two sp hybrid orbitals in dized carbon atom (two 
a linear arrangement. sp hybrid orbitals, two 


pure p orbitals). 
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Formation of acetylene molecule. In acetylene, HC=CH., one sp 
orbital of one carbon atom overlaps one sp orbital of the other, 
and each remaining sp orbital overlaps an s orbital of a hydrogen 
atom, forming stable and localized sigma (e) bonds (Fig. 19-20). 
There are then left two pure 2p orbitals (2py, 2p:) orbitals on each 
carbon atom, each orbital containing one electron. They form 
two sets of parallel p orbitals at right angles to each other and also- 
to the c bond. Sideways overlap of each set gives rise to two pi 
bonds (Fig. 19-21). 


———M 
| | Ue 
/ 


CPLD LET) 


\ mar 
OS o, Hftc£c*H 
1 A 


Fig 19-20. Formation of sigma Fig. 19-2). Pi bonds in acetylene 
bonds in acetylene. (shown by double horizontal lines). 


If the sigma bonds are directed along the x-axis, then one: 
m bond is directed along the y-axis and the other m bond along 
the z-axis. Thus, carbon-carbon triple bond is made up of one 
sigma and two pi bonds. There is further overlapping between 
the æ bonds resulting in a charge cloud which is cylindrically 
symmetrical about the o bond connecting the nuclei (Fig. 19-22). 


x 
on H=C=C*H 
eA 


Fig. 19-22. Cylindrical x electron cloud 
of the acetylene molecule. 


10. Review of Bonding in Organic Compounds 


_. All organic compounds have four bonds around each carbom 
atom. These bonds could be— 


1. four sigma (single) bonds, in which the four electron pairs 
would occupy four sp?.hybrid orbitals. 


2. three sigma bonds and one pi (x), bond, i.e., a double bond, 
in which case the electron pairs for the sigma bonds would eccupy 
the three sp? hybridized orbitals, and the unhybridized p orbital 
would overlap sideways with another p orbital to form the pi bond, 
and 


wast 
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3. two sigma bonds and two pi bonds, ie a triple bond; 
the electron pairs of sigma bonds occupy tlie two sp hybrid orbitals, 
and the two unhybridized p orbitals overlap sideways with parallel 
p orbitals on another atom to for two pi bonds. 


In the sp? bonding, the molecule has a tetrahedral structure with. 
an angle of 109°28’ between the bonds. In sp? structure, the shape 
is a plane triangle and the bond angles are 120°. In the sp structure, 
the bonds are at an angle of 180^, giving a linear structure. 


Questions 


1. Explain the concept of orbital overlap in covalent bonding. 

2. What are the essential conditions for orbital overlap in the formation 
of covalent bond ? 

3, Wnat is a molecular orbital? Explain with the example of hydrogen 
molecule. 

4. Explain the formation of sigma bond and pi bond with the help of 
suitable diagrams. Which of these two bonds is stronger and why ? 

5. Explain the reason why carbon atom having only two half-filled 
orbitals in the valence shell is predominantly tetravalent. 

6. (a) What kinds of orbitals undergo hybridization ? If three different 
types of orbita!s hybridize, how many hybrid orbitals will result ? 

(b) Describe the shape of a hybrid orbital and draw a diagram for it, 

(c) How are the hybrid orbitals in an atoms distributed in space ? 


7. Explain the reason why 
(a) the bonds formed by hybrid orbitals are stronger than those formed 
by pure orbitals, 
(b) all the C—H bonds in CH, molecule are equivalent, 
(c) CH, molecule has a tetrahedral structure, ethylene molecule a planar 
structure, and acetylene molecule a linear structure ? 
8. Describe the bonding in each of the following molecules (including 
type of hybridization, types of bonds, and bond angles) : 
(a) CH, (b) GH, — (c) GH, (d) C,H. 
Draw a sketch for bonding in each of these molecules. 
9. Draw sketches for (a) sp? hybridized carbon atom, (b) a sp? hybridizea 
carbon atom, and (c) a sp hybridized carbon atom. 
10. How many sigma bonds and pi bonds are there in the following 
molecules : 
(a) CH, (b) C,H;Cl (c) C,H, (d) C,H,CI, ? 


Key 
7.(a) A hybrid orbital has a highly concentrated electron density on one 


side. 
ll the four C—H_ bonds are formed by the overlap of 1s 


ipee o with four equivalent sp? hybrid orbitals of the carbon 


orbitals of hydrogen a! 
atom. x 
(c) The four sp? hybrid orbitals in methane are disposed tetrahedrally, the 


i itals i i i ile the two sp 
three sp? hybrid orbitals in ethylene are in a plane triangle, whi 
hybrid orbitals in acetylene are in a linear arrangement. 


> he ti 
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8. (a) sp* hybridization, sigma bonds only, bond angle 109728", 
(b) the same as in (a), 


i fc) sp* hybridization, sigma and pi bonds, bond angle 120° between sigma 
bonds, 


E (d) sp hybridization, sigma and pi bonds, bond angle 180° between sigma 
onds. 


10. (a) Only four sigma bonds (C—H). 
(b) Only seven sigma bonds (six C—H bonds and one C—C bond). 


(c) Five sigma bonds (four C—H bonds and one C—C bond); one pi 
bond between the two carbon atoms, 


(d) three sigma bonds (two C—H bonds and one C—C bond); two pi 
bonds between the two carbon atoms. 


oO 
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Halogen Derivatives of Alkanes 


(Ethyl Chloride, Ethyl Bromide, Chloroform, lodoform) 


Halogen derivatives of alkanes are compounds which may be 
regarded as products of the replacement of one or several hydrogen 
atoms in the alkane molecule by halogen atoms. Depending 
upon the number of hydrogen atoms replaced by the halogen, these 
may be monohalogen, dihalogen, trihalogen, and in general, poly- 
halogen derivatives. Of these the monohalogen and trihalogen 
derivatives are more important. All halogen derivatives are 
artificially prepared substances and do not occur in nature. 


The monohalogen derivatives of alkanes form a homologous 
series with the general formula CnH2n4+1X, or, RX, where X may 
be F, Cl, Br, or I. They are named as alkyl halides, e.g., ethyl 
chloride, ethyl bromide, etc., or in the I.U.P.A.C. system as halo- 
alkanes, e.g., chloroethane, bromoethane, etc. The lower alkyl 
halides are gases, the ones following are liquids, and the higher 
still are solids. The boiling points and densities of alkyl halides 
rise with the increase in the atomic weight of the halogen in the 
molecule. Chemically, the alkyl halides rank among highly 
reactive organic substances. They readily exchange the halogen 
atom for various groups and are, therefore, used for numerous 
organic syntheses. 


The most important trihalogen derivatives of alkanes are chloro- 
form and iodoform, both of which are the trihalides of methane. 


l. Alkyl Halides 


Among the alkyl halides, the ethyl halides (ethyl chloride, ethyl 
bromide, ard ethyl iodide) are by far the most important. These arc 
derived from ethane by the replacement of one of its hydrogen atoms 
by a halogen atom (X). The ball and stick model of ethyl bromides 
and its electronic formula are given below for illustration : 


H H 

Rrx Lé x =electron of H 
H*C:Cé Br$ [ Sexson ore 

x 0x. 00 , -electron of Br. 

H H 


Electronic formula of 
ethyl bromide. 


Ball and stick model of 
ethylene bromide. 
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1-1, General Methods of Preparation. Alkyl halides, ie., 
the monohalogen derivatives of alkanes are usually made by the 
following general methods : 


l. By direct halogen substitution in the alkane. 
CoHe + Cle —-— CoHsCl + HCI 


ethane ethyl chloride 
CeHe + Bre ——  CoH5gBr + HBr 
ethane ethyl bromide 


The reactions of chlorination and bromination proceed under the 
influence of light. However, the method is of little practical value 
forthe preparation of particular alkyl halides since the reaction 
cannot be controlled and results in a complex mixture of various. 
mono-, di-, tri-, etc. halogen substitution products. 


2. By the addition of hydrogen halides (HX) to olefins. 
CHa-—CH; + HCI + CH 3.CHeCi 


ethylene eihyl chloride 
CH2g=CHe + HBr —> CHs.CH3Br 
ethylene ethyl bromide 


This method, too, is of little practical value and is rarely used. 


3. By the action of hydrogen halides (HX) on alcohols. Hydro- 
gen iodide reacts most readily, while hydrogen bromide and 
hydrogen chloride require higher temperatures and the use of con- 
centrated sulphuric acid or anhydrous zinc chloride. These 
substances shift the following equilibrium to the right by the removal 
of the water formed : 


R.OH + HX = RX + HO 
alcohol alkyl halide 


As a modification, alcohol is heated with a mixture of concentrated. 
sulphuric acid (in excess) and potassium  halide, e.g., potassium 
bromide for the preparation of an alkyl bromide. 


conc. 
H,SO 
CeHs0H + HCI C2H5Cl + H20 
ethyl alcohol ethyl chloride 
conc. 
H,SO, 
C:3H;0H + HBr ——> CoHsBr + H30 
ethyl alcohol ethyl bromide 


4. By the action of a phosphorus trihalide (PX) on alcohols. 


3ROH + PX3 > ARX + HPO; 
alcohol alky! halide 


3CgH;0H + PCl} — 3C2HsCl +  HaPO; 
ethyl alcoho} ethyl chloride 
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3CoH5OH + PBrg -> 3C2HsBr + HaPOs 
ethyl alcohol ethyl bromide 


The equation may be explained as— 


ROA |X 
R|OH+P/CX > 3RX + HsPOs 
ROH X 


In practice phosphorus bromide and iodide are made in situ 
by adding bromine and iodine respectively to a mixture of red phos- 
phorus and alcohol. 


Alkyl chlorides can often be conveniently made by the action 
of thionyl chloride on alcohols. 


ROH + SOCl + RCI + SOst+ HCIt 
alcohol thionylchloride alkyl chloride 


C,Hs0H + SOClz > CoHsCl + SOgt + HCI f 
ethyl alcohol ethyl chloride 


1-2, Laboratory preparation of ethyl chloride (chloro- 
ethane). Ethyl chloride can be conveniently prepared by the Groves 
process. Dry hydrogen chloride is passed into a mixture of absolute 
alcohol and anhydrous chloride, which acts not only as a catalyst 
but also as a dehydrating agent. 


ZnCl, 
CoHgOH + HCl «* CHCl + H0 


When the alcohol has been saturated with hydrogen chloride, the 
mixture is heated under reflux on a water-bath. The ethyl chloride 
vapour issuing from the top of the condenser is passed successively 
through wash bottles containing respectively water to remove 
hydrogen chloride, sodium carbonate solution to remove alcohol, 
and concentrated sulphuric acid to remove moisture. The pure 
ethyl chloride is then condensed in a U-tube surrounded by freezing 
mixture. 


1-3, Laboratory preparation of ethyl bromide (bromo- 
ethane). Ethyl bromide is prepared in the laboratory by heating 
absolute alcohol with concentrated sulphuric acid (in excess) and 
potassium bromide, using the apparatus as shown in Fig. 20-1. The 
Sulphuric acid reacts with potassium bromide liberating anhydrous 
hydrogen bromide in situ; it also serves as a. catalyst and improves 
the yield by removing the water liberated in the reaction. 


KBr + HeSO4 > KHSO, + HBr 
C2H50H + HBr = CeHsBr + H20 


The sulphuric acid is slowly added to the alcohol in the flask 
with continual shaking. Then some coarsely ground potassium bro- 
mide is added and the flask is immediately connected to a condenser. 
The flask is heated over a sand bath when ethyl bromide distils over 
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and collects under the layer of water in the receiver. The product is 
impure containing water, bromine, alcohol, and also dissolved 
sulphur dioxide and hydrogen bromide. It is separated by means of 
a separating funnel and shaken with successive quantities of sodium 
carbonate solution to neutralize the acids. It is again separated, 
washed with water to remove residual carbonate, and then dried with 
anhydrous calcium chloride. The ethyl bromide thus purified is 
distilled over a water-bath and the fraction distilling over between 
35°C and 40°C is collected. Itis reasonably pure ethyl bromide with 
only traces of ether as an impurity. 


reaction 
mixture 


sand bath 


water 
ethyl bromide 


Fig. 20-1. Preparation of ethyl bromide; reaction mixture : ethyl 
alcohol, concentrated sulphuric acid, and potassium bromide. 


1-4. Laboratory preparation of ethyl iodide (iodomethane). 
This compound cannot be prepared by heating ethyl alcohol with an 
iodide and concentrated sulphuric acid as the latter oxidizes the 
hydrogen iodide, a strong reducing agent, to free iodine. It is usually 
prepared, therefore, by heating ethyl alcohol with red phosphorus 
and iodine, phosphorus tri-iodide being produced in situ. 


2P + 31g — 2PI3 (phosphorus tri-iodide) 
3CgH;OH + Plg — 3CoH;l + H3PO3 


_ Alcohol and red phospborus are mixed in a flask fitted with an 
upright reflux condenser. Iodine crystals are added, a little at a time, 
the flask being cooled if necessary. The mixture is heated on à 
boiling water-bath for about an hour. The condenser is then changed 
from the reflux to the normal position when ethyl iodide distils over. 
The productis impure containing water, alcohol, hydrogen iodide, 
and a little iodine which gives it a yellowish brown colour. ltis 
Separated from the water, and washed first with sodium carbonate 
Solution and then with water, Finally it is dried with anhydrous 
calcium chloride, and distilled on a water-bath. The fraction distilling 
over between 68°C and 73°C is pure ethyl iodide. 
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2. Physical Properties of Alkyl Halides 


Methyl chloride, methyl bromide, and ethyl chloride are gases 
at ordinary temperatures, b.p. - 23°7°C, 3°5°C, and 12°3°C respec- 
tively. Higher members of this homologous series are liquids, only a 
few being solids. The melting points, boiling points, and densities 
increase as in other homologous series with increase in molecular 
weight. The lower alkyl halides have a characteristic sweetish odour. 
The alkyl halides are insoluble in water but dissolve readily in alcohol 
and ether. 


3. Reactions of Alkyl Halides 


The alkyl halides are, generally speaking, highly reactive indi- 
viduals, They will react with a variety of reagents, readily exchanging 
the halogen atom for other substituent groups. The reactions are 
usually carried out by boiling the reaction mixture. The iodides are 
the most reactive and the chlorides the least, but these are only 
differences of degree and all alkyl halides are essentially similar 
chemically. Their principal reactions are as follows : 

1. Hydrolysis, Alkyl halides are slowly hydrolysed to alcohols 
by boiling water. 


CsHg|Br + H|OH = CeH5OH + HBr 
ethyl bromide ethyl alcohol 

The hydrolysis occurs rapidly by hot aqucous solutions of alkalis 
which neutralize the halogen hydride (e.g., HBr) and make the 
reaction irreversible. 

CoHsBr + NaOH -> CgHs5OH + NaBr 
Hydrolysis of alkyl halides rapidly occurs when these are boiled with 
a suspension of silver oxide in water. 

AgeO + H20 = 2AgOH 
CoHsBr + AgOH > C2HsOH + AgBr | 
2. Reduction. When treated with nascent hydrogen (e.g., by 
means of a zinc-copper couple and water or ethyl alcohol, sodium 
and ethyl alcohol, etc.), alkyl halides are reduced to the correspond- 
ing alkanes, e.g. ethyl halides to ethane. 
CeHsBr + 2[H] > CoHe + HBr 
ethyl bromide ethane 
3, Wurtz reaction, When a solution of an alkyl halide in dry 

ether is heated with metallic sodium it is converted into an alkane 
containing double the number of carbon atoms in the alkyl halide 
molecule. Thus, ethyl halides give butane, CaHio. 


CaH;|Br + 2Na + Br|CzHs > CaHs.CoHs + 2NaBr 
ethyl bromide ethyl bromide butane 
ie., 2C2H5Br + 2Na — CaHio + 2NaBr 
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Such reactions involving the removal of the halogen by sodium and 
the combination of the resulting free alkyl radicals (e.g., CoHs— in 
the case of ethyl halides) are known as Wurtz reaction or Wurtz 
synthesis, 


4. Williamson’s reaction, Alkyl halides react with an alco- 
holic solution of sodium alkoxide (sodium derivatives of an alcohol, 
RONa) on warming giving ethers. For instance, ethyl bromide reacts 
with sodium ethoxide (CgHgONa) to give diethyl ether. 


CoH;|Br + Na|OC:H; — C2H5.O.C2H5 + NaBr 
ethyl bromide sodium ethoxide diethyl ether 
The same products, viz., ethers, are obtained with dry silver oxide. 
2CsHgBr + AgeO > C$H50.C2H; + 2AgBr 
ethyl bromide diethyl ether 
. 5, Dehydrohalogenation, When an alkyl halide is heated 
with potassium hydroxide dissolved in alcohol (alcoholic potash), it 
loses a molecule of hydrogen halide to give an alkene. Thus, ethyl 
halides give ethylene. 
CoHsBr + KOH > C$H4 + KBr + HO 
ethyl bromide ethylene 
' Higher alkyl halides give a good yield of alkene, but in the case 
of ethyl halides ethylene is formed only in traces, the main product 
being diethyl ether. This is because the solution of potassium hydro- 
xide in alcoho} contains a high concentration of potassium ethoxide 
(C2H5OK) which reacts with alkyl halide to produce the ether. 


C3H;|Br + KiOCeHs —— CaH;.0.CoHs + KBr 
ethyl bromide potassium ethoxide diethyl ether 


6, Reaction with potassium cyanide. When an alkyl halide 
is boiled with an alcoholic solution of potassium cyanide, correspond- 
ing alkyl cyanide is formed. For example, 


CoH5|Br + KICN — CaHs.CN + KBr 
ethyl bromide ethyl cyanide , 


Alkyl cyanides can be used to prepare the following classes of 
compounds : 


(i) Acid amides by partial hydrolysis with alkaline hydrogen 
peroxide. 


alk, H:O; 
CeHs.CN + H20 — ——. C?H5.CO. NH2 
ethyl cyanide propionamide 
(il) Carboxylic acids by hydrolysis with mineral acids or alkalis. 


CH5.CN + 2H20 > C2H5.COOH + NH3 
ethyl cyanide propionic acid 
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(iii) Primary amines by reduction with nascent hydrogen (from 
sodium and alcohol, for instance). 


C3Hs;.CN + 4[H] > C2H5.CH2.NH2 


ethyl cyanide propylamine 


7. Reaction with silver cyanide. When alkyl halides are 
heated with aqueous alcoholic silver cyanide, alkyl isocyanides are 
formed as the main product (isomeric cyanides being formed in 
traces). For example, 


CeHs|Br + AgiCN — CoHs.NC + AgBr 
ethyl bromide ethyl isocyanide 


This reaction is explained on the basis of silver cyanide being a 
covalent compound with a chain structure in which the silver atoms 
are iinked directly to both carbon and nitrogen atoms. Potassium 
cyanide, on the other hand, is largely an ionic compound. 


8. Reaction with potassium nitrite. When an alkyl halide 
is heated with an aqueous alcoholic solution of potassium nitrite, an 
alkyl nitrite, R-O—N=O, is obtained as the main product. For 
example, 


C:Hs[Br + _KI-O—N=0 > C:H;-O—N=O + KBr 


ethyl bromide potassium nitrite ethyl nitrite 
Some nitroethane is also formed in this reaction, 


9. Reaction with silver nitrite. When an alkyl halide is 
heated with an aqueous alcoholic solution of silver nitrite, a nitro- 
Paraffin is formed as the main product; alkyl nitrite is also formed in 
traces. For example, 


[e] 
C:H;/Br + Agl— O—N-—0O —> C:H5s—N + AgBr 
Hab Mitroethiáde [e] 

10, Reaction with the silver salt of a carboxylic acid. 
When alcoholic solutions ofa silver salt of a carboxylic acid is 
warmed with an alkyl halide, an ester is formed. Thus ethyl bromide 
and silver acetate, CH3.COOAg, interact to give ethyl acetate. 


CsHs[Br + Ag|OOC.CH3 > CsHs.0OC.CHg + AgBr 


ethyl bromide silver acetate ethyl acetate 


.. li, Reaction with ammonia, When an alkyl halide is heated 
with an alcoholic solution of ammonia under pressure in a sealed 
tube, the salt of a primary amine (e.g., CaHs.NHs.HBr) is formed as 
the first product. Thus, 


CeHsBr + NH3 — C2Hs.NH2 + HBr 
However, the reaction does not stop here, and the salts of secondary 


and tertiary amines and even quaternary ammonium compounds are 
also formed. 
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C$3H,.NHs + C2HsBr —> (CgHs5)2NH + HBr 
diethylamine 
(CgHs5)2NH + CeHsBr —> (C2H5)sN + HBr 
triethylamine 
(CaH;)sN + CoHsBr —> (C2H5)aNBr 
tetraethylammonium 
bromide (quaternary compound) 
12. Reaction with zinc (Frankland's Reaction). The action of 
zinc on the alkyl halides produces dialkyls zinc, e.g., diethyl zinc. 
2CoHsBr + 2Zn — (CaHs)sZn + ZnBrs 
ethyl bromide diethyl zinc 
13, Reaction with magnesium, Alkyl halides in the presence 
of dry ether combine with magnesium, giving alkyl magnesium 
halides, called Grignard reagents after the name of their French dis- 
coverer Victor Grignard. 


ether 
‘CoHsBr + Mg ——> Hs.MgBr 
ethyl bromide ethyl magnesium bromide 


14. Combustibility, Lower alkyl halides are combustible and 
burn with green edged flames. 


4. Uses of Alkyl Halides 


1, The alkyl halides are widely used im organrc syntheses. They 
serve as the starting material in the preparation of several classes of 
organic compounds (alkanes, alkenes, ethers, esters, amines, Grignard 
reagents, etc.). 

2. Methy! chloride, CHaCl, and ethyl chloride, CHCl, are 
used as alkylating agenis, i.e., for replacing an acidic hydrogen atom 
by an alkyl group, e.g., in the manutacture of silicones. 

3. Methyl chloride is used as an industrial refrigerant. 


. 4. Methyl bromide is used as a fire extinguisher in aircraft and, 
owing to its toxicity, as a powerful fwnigant for pests in stored fruit 
or grain. 


5. Ethyl chloride is used as a local anaesthetic for minor 
operations since it evaporates rapidly (b.p. 13°1°C) on the skin, 
causing the sharp cooling of the adjacent flesh. It is alsc used on à 
large scale for making tetracihyl lead, an amsiknock agent used as 
petrol additive, from a sedium-lead alioy. 

4CoHsCl + NajPb > (CoHs)aPb + 4NaCI 
ethyl chloride tetraethyi lead 
Ethyl chloride is also used in the production of the important plastic 
ethyl cellulose. 


5. Mechanisms of Substitution Resctions of Alky? 
Halides 


The substitution reactions of the alkyl halides are characterize 
by the replacement of the halogen atom (X) attached to the carbot 


HALOGEN DERIVATIVES OF ALKANES 25 


atom by another substituent. In these reactions the halogen atom 
takes with it the bonding pair of electrons constituting the C—X 
bond, and is eliminated as the anion X^. Obviously, the incoming 
substituent must be such as can contribute one unshared pair of 
electrons required in the formation of the new covalent bond with 
the carbon atom linked to the halogen atom in the alkyl halide. The 
incoming substituent, —B, may thus be an anion such as OH~, CN, 
etc., or an electrically neutral base, such as the ammonia molecule 
with a pair of unshared electrons, :NHs. 


R—X + OH” > R-OH + X^ 


Since the substituents are electron donors or nucleophiles ("nucleus 
seeking"), the substitution reactions of alkyl halides are described as 
nucleophilic substitution, denoted by the symbol Sx. Two reaction 
mechansims are possible in the displacement of the halogen, and the 
mechanism which applies to a particular reaction is determined chiefly 
by the character of the group R. Corresponding to the two reaction 
mechanisms, there are two types of substitution reactions, the Sx? 
reactions and the Sx! reactions. 


5-1, The Sx? reaction, The symbol Sx? means substitution 
of the nucleophilic type by a bimolecular process, the S in the 
symbol standing for substitution, the N for nucleophilic, and the 2 
for bimolecular. The alkaline hydrolysis of alkyl bromides, e.g., 
methyl bromide is a typical example of the Sx? reactions. 

base, H,O 
CHBr + OH- — — CH$30H + Br 
methyl bromide methyl alcohol 


Both reactants participate in the primary process, which is initiated 
by the nucleophile OH- approaching the CHsBr molecule, lt is, 
therefore, a bimolecular reaction. The reaction rate being propoz- 
tional to the concentration of both the hydroxide ion and the methyl 
bromide, it is a second-order reaction. The mechanism for the 
rcaction* is as follows : 


4. The hydroxide ion approaches the carbon atom in methyl 
bromide molecule, which carries a fractional positive charge owing 
to the polarity of the C—Br bond, from the side opposite the 
bromine. 


b. As the hydroxide ion approaches closer and closer to the 
Carbon atom, the attraction between the carbon and the oxygen 
atoms continuously increases and that between the carbon aud bro- 
mine atoms correspondingly decreases. As the process continues 
the two attractions eventually become equal, and an intermediate 
transition state is formed. 


c. Since the hydroxide ion is a better electron donor and 
possesses greater tendency to form a covalent bond than chlorine, 


ne qe sete OS 


*By reaction mechanism, we mean a stepwise account of a reaction in 
terms of the sequence and manner in which the bonds are broken and formed. 


26 LS.C. CHEMISTRY VOL. II 


the oxygen atom forms a covalent link with the carbon displacing the 
bromine as the bromide ion*. In this process, the C—O bond forma- 
tion and C— Br bond rupture occur simultaneously. 

H H H 


diac d Na agi bate a iu NÉ z es 
H-O? irgend > H-0; ws ...Br -+H-O—CHs+ 8Br? 


H H methyl bromide 
hydroxide methyl ^ alcohol ion 
ion bromide transition state 


The formation of the transition state requires considerably less 
activation energy than a preceding rupture of the C—Br bond. 

The mechanism of Sx? reaction may thus be described as a 
rearward nucleophilic attack of an electron donor upon the carbon 
atom of the alkyl halide with displacement of halogen as the anion. 

The hydrolysis of an alkyl halide to alcohol also occurs with 
nucleophilic water, but the rate is considerably lower than with 
alkalis, This is because the hydroxide ion is a stronger nucleophile 
than water. 

5.2. The Sx! reaction, The symbol Sx’ means substitution 
of the nucleophilic type by a unimolecular process, In the Sx! 
reaction the C—X bond of the alkyl halide undergoes a slow 
ionization before the carbon atom combines with the nucleophile 
(e.g, OH-). Since this rate-controlling step involves only one 
molecule, the reaction is essentially unimolecular. The hydrolysis of 
tertiary butyl bromide with alkalis is a typical example of Sy! 
reaction. It proceeds in two steps : 

a. Tertiary butyl bromide undergoes a slow ionization, giving 
the tertiary butyl carbonium cation and a bromide anion. This 
is the rate-determining step. 


2 b. The carbonium cation combines with the nucleophile OH™ 
in a secondary reaction which is very fast. 


es Pop 
Step 1 CH3—C—Br —-— CH3—Ct+ + Bro 
Slow ionization | ! 

CHs CH3 

tertiary butyl tertiary butyl bromide 
bromide carbonium cation anion 

Die T 
Step 2 CH3—C* + OH- > CH3- C- OH 
Fast addition | | 

CH3 


CHa 
tertiary butyl alcohol 


*The three hydrogen atoms attached to the carbon atom in the transition 
state are arranged in one plane at an angle of 120°. The attacking hydroxide 
pe ae the bromine atom being displaced move along a line perpendicular to 

plane. 
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The reaction rate is proportional to the concentration of the alkyl 
halide only and is independent of the concentration of the OE ions. 
It is, therefore, a first-order reaction. 


The Sx! reaction occurs when the C—X bond in the alkyl 
halide is highly polar and the carbonium ion formed is particularly 
stable. 


6. Mechanisms of Elimination Reactions of Alkyl 
Halides 


When a higher alkyl halide is boiled with alcoholic potash, 
hydrogen and halogen from adjacent carbon atoms are removed as 
hydrogen halide, and an alkene is formed. For example, propyl 
bromide (CsHzBr) gives propylene (CaHs) 

CHs.CHs.CHgBr + KOH(alc.) ^ CHs.CH — CH; + KBr + H20 
propyl bromide propylene 


Such reactions are called elimination reactions. Tlese may proceed 
by bimolecular mechanism, symbolized by Es, or by unimolecular 
mechanism, symbolized by 1. 

6-1, The E; reaction, This is similar to the Sx* reaction 
except that the nucleophile (e.g., OH”) approaches the hydrogen 
atom instead of the carbon. As applied to the formation of pro- 
pylene from isopropyl bromide by the action of alcoholic potash, 
the manner in which the bonds are made and broken may be shown 
as follows : 


ae En 7 X 
HO- + H-CHs- CH—Br — H,0 + CH:=CH + Br^ 
I | bromide 
CHs CH, ion 
hydroxide isopropyl bromide propylene 
ion 
In the above representation, the curved arrows indicate the direction 
of movement of electrons. 


The Eg and Ss? reactions are always competitive and a con- 
centrated alkali solution must be used for the Æ reaction to 
predominate because only a strong base has the abilitv to remove the 
hydrogen halide from an alkyl halide. In general, Sx? reaction predo- 
minates over the £s reactions with primary halides, while for tertiary 
halides the opposite holds true. For example, n-butyl bromide 
yields mainly n-butyl alcohol and only traces of butylene; tertiary 
butyl bromide gives almost exclusively the alkene isobutylene. 


mainly 
CH3.CHo.CHe.CHeBr + OH™ CHs.CH».CHo.CH90H + Br7 
h-butyl bromide Sx? reaction n-butyl alcohol 
CH3 CH3 
mainly 


| 
CH; C— CHa +H20 + Br^ 


| 
CH3— TA + OH 
CHa 


E, reaction 
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6-2. The E; reaction, The £41 reaction is completed in two 
Steps, The first step is the slow ionization of the alkyl halide into 
the carbonium jon and the halide ion, and this is the rate-deter- 
mining step. The second step involves the removal of a proton 
from the carbonium ion by the hydroxide ion, which proceeds very 
rapidly. Thus, with the stepwise loss of the halogen and hydrogen 
an alkene is produced. However, the carbonium ion produced in 
the first step may also combine with the hydroxide ion to give an 
alcohol, in which case it is the Sx! reaction. Obviously, just as the 
E» and Sx? reactions are competitive, the Ej reaction always 
competes with the Sw! reaction. The hydrolysis of tertiary butyl 
bromide, for example, gives the alkene isobutylene by the E; reaction 
and isobutyl alcohol by the Sx? reaction. 


CH3 CH3 
l slow ionization 


| 
CH3- C—Br ———— CHs—Ct + Br 


| (Ist step) | bromide 
CH CH3 m 
tertiary butyl bromide tertiary butyl 
carbonium ion 
CHa 
I 
CH3- M 
CHa OH- 
OH- 2nd step 2nd step 
(fast) (fast) 
CH a 
| 
CH=C—CH; + H0 CC tag 
CH3 
isobutylene tertiary butyl alcohol 
(product of E, reaction) (product of Sy: reaction) 


CHLOROFORM, CHCl 
7. Preparation of Chloroform 


7-1, Laboratory preparation, Chloroform is prepared in the 
laboratory by the action of a hypochlorite, such as bleaching powder 
(it is calcium «chloride hypochlorite) on alcohol, acetaldehyde, or 
acetone. The hypochlorite behaves virtually as if it were composed 
of chlorine and the alkaline hydroxide, the former serving both as 
oxidizing agent and chlorinating agent, and the latter as an alkali. 
The probable sequence of reactions is as follows : 

1. With alcohol 

(a) Oxidation by chlorine to acetaldehyde — 


CHs.CH30H + Cla ——> CH3.CHO + 2HCI 
ethyl alcohol acetaldehyde 
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(b) Chlorination of the methyl group of the acetaldehyde to 
trichloroacetaldehyde (chloral)— 


CHs.CHO + 3Cle —— CCls.CHO + 3HCI 
acetaldehyde trichloroa- 
cetaldehyde 


(c) Hydrolysis of trichloroacetaldehyde by the alkali to chloro- 
form and the formate (sodium formate if sodium hypochlorite is 
used, calcium formate in the case of bleaching powder.) 


CCls.| CHO + NaO|H ——> CHCl; + H.COONa 


trichloro- from sodium chloroform sodium formate 
acetaldehyde . (hypochlorite) 
OJH CCI3|CHO HCOO. 
eC T —+ 2CHCly + Yea 
OJH CCI3JCHO HCOO 
(from bleaching — trichloro- chloroform calcium formate 
powder) acetaldehyde 


2. With acetaldehyde. Reactions (b) and (c) given above occur. 


3. With acetone. 


(a) Chlorination of one of the methyl groups in the acetone 
molecule to give trichloroacetone. 


CHa.CO.CHs + 3Cl; ——> CCl3.CO.CH3 + 3HCI 


acetone trichloroacetone 


(b) Hydrolysis of trichloroacetone by the alkali to chloroform 
and the acetate. 


CCL[CO.CHs + NaO]H > CHCl; + CHy.COONa 


trichloroacetone (from sodium —— chloroforn: sodium acetate 
hypochlorite) 
,O[H CCly}.CO.CHs CHs.COO 
Ca | + + 2CHCls + Yea 
OJH CCI3.CO.CHs CH3.COO 
(from bleaching trichloroacetone chloroform calcium acetate 
powder) (2 mol) 


Acetone being cheaper than alcohol or acetaldehyde, chloro- 
form is usually prepared from acetone using bleaching powder. The 
bleaching powder is ground with water in a mortar until a creamy 
paste is obtained. This is transferred to a flask and the acetone added 
slowly with shaking. The flask is then fitted with an upright reflux 
condenser. The reaction usually starts spontaneously after a few 
minutes, ard is so exothermic that it may be necessary to cool the 
contents by dipping the fiask into cold water. When the initial 
vigorous reaction has. subsided the flask is heated on a boiling water 
bath for a few minutes to complete the reaction. The condenser is 
then changed to the normal position and the chloroform distilled 


30 1.8.C, CHEMISTRY VOL. It 


over. The chloroform collects in the receiver as a dense liquid 
beneath a layer of water (Fig. 20-2). It is impure containing acetone, 
water, chlorine, and hydrogen chloride. These impurities are removed 
by shaking it in turn with a dilute solution of sodium hydroxide and 
with water. The heavy chloroform layer is then separated and dried 
over anhydrous calcium chloride. Very pure chloroform may then 
be obtained by redistillation, the fraction boiling between 60°C and 
62°C being collected. 


alcoho! and 
paste of 
bieaching 
powder 


Fig. 20-2. Preparation of chloroform. 


7-2. Manufacture, (1) From acetone and bleaching powder as 
described under laboratory preparation. 

(2) By the chlorination of methane. The chlorine is diluted with 
nitrogen, and the volume ratio of methane, chlorine, and nitrogen 1$ 
so adjusted that chloroform (trichloromethane) is the main product. 
It is separated from other chloromethanes by fractional distillation. 


(3) By the partial reduction of carbon tetrachloride using iron 
powder and water. 


Fe/H,O 
CCh + 2[H] ———- CHCl + HCl 
carbon tetrachloride chloroform 


Xm 7-3. Pure chloroform, Pure chloroform is best prepared by 
distilling chloral hydrate with a concentrated aqueous solution 9 
caustic soda or caustíc potash. 


CCls.|CH(OH)2 + NaO|H > CHCl + H.COONa + H0 
chloral hydrate chloroform sodium formate 
8. Physical Properties of Chloroform 


1. Chloroform is a colourless liquid with a sickly sweetish 
smell, b.p. 61°C. 
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2. It has a specific gravity of 1°49 at 15°C. 


3. It is almost immiscible with water but readily soluble in. 
alcohol and ether. 


4. It is a good solvent for oils, fats, waxes, resins, etc. 
9. Reactions of Chloroform 


1, Oxidation, On standing in air, particularly in sunlight, 
chloroform is oxidized slowly to carbonyl chloride,* a very poisonous 
gas commonly called phosgene. 

air/sunlight 
2CHCl + Os ————- 2COCl, + 2HCI 
chloroform carbony! chloride 


2. Reduction, When treated with zinc and water, chloro- 
form is reduced to methane. 


Zp/H,O 
CHCls + 6[H] ———- CHa + 3HCI 


3, Chlorination, On chlorination chloroform is converted to 
“hee tetrachloride, CCl4, the fully substituted chloroderivative of 
methane. 


CHCls + Clo + CCla + HCI 


4, Nitration, Chloroform reacts with concentrated nitric acid 
to give nitrochloroform. This compound is a powerful lachrymator 
and lung irritant, and is commonly known as chloropicrin. It is a 
liquid which boils at 112°C. 


CHCls + HO.NO > C(NOs)Cla + H20 


chloroform nitric acid nitrochloroform 


5. Hydrolysis. When chloroform is boiled with an aqueous 
alkali, it is hydrolysed forming the corresponding salt of formic acid, 


CHCls + 4KOH — H.COOK + 3KCI + 2H20 


chloroform pot. formate 
Probably the reaction proceeds in two stages. In the first stage the 


three chlorine atoms in chloroform molecule are replaced by hydroxy! 
groups. 


VAS. KOH Jou 
H-cecl + KOH| — H—CTOH + 3KCI 
CI KOH OH 

O 


*The structure of carbonyl chloride is Ci—C 
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The resulting compound with three hydroxyl groups attached 
to one carbon atom is unstable and loses a molecule of waterto give 
formic acid 


OJH o 
H-cH — H-C( + Hio 
Nou OH 


formic acid 


The acid is neutralized by the excess of alkali to give an alkali 
formate. 


H.COOH + KOH — H.COOK + H3O 


6, Isocyanide reaction, The most characteristic reaction of 
chloroform is the formation of an evil-smelling isocyanide when it is 
warmed with a primary amine, such as aniline, CgHs.NHe, and an 
alcoholic solution of an alkali. 


CeHsSNÍHs + CISH|C + 3KOH —-» CsHsNC + 3KCI + 3H;0 


aniline chloroform (alc.) phenyl isocyanide 


This reaction is also known as the carbylamine reaction. ltis 
used as a test for chloroform (or a primary amine) since the forma- 
tion of an isocyanide is readily recognized by its nauseating and 
extremely obnoxious smell. 


7, Formation of acetylene. When chloroform is heated with 
silver powder, it is dehalogenated to give acetylene. 


A 
2CHCls + 6Ag — CH=CH + 6AgCl 


chloroform acetylene 


10, Tests for Chloroform 


1. Chloroform has a characteristic sweetish smell. 


2. Isocyanide test. A little chloroform, contained in a test 
tube, is gently warmed with a few drops of aniline and alcoholic 
caustic potash, when an extremely disagreeable smell of phenyl 
isocyanide is produced. 

: 3. When pure, chloroform does not give a precipitate with 
silver nitrate solution. 


11, Uses of Chloroform 


1. In medicine, particularly as an anaesthetic and sedative. 

2. As an industrial solvent for fats, rubber, alkaloids, iodine, 
and other substances, and for the extraction of penicillin. 
À 3. For manufacturing tetrafluoroethylene, F2C=CF», which 
is polymerized to the plastic (CgF4)n sold under the names ‘Teflon 
and ‘Fluon’. 

4. For preserving anatomical specimens. 
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12. Chloroform as an Anaesthetic — 


Inhalation of cbloroform vapour causes loss of consciousness 
(anaethesia). Hence, it is used as a general anaesthetic in surgical 
operations.* However, the chloroform used as anaesthetic must be 
very pure and absolutely free from the dangerously poisonous 
carbonyl chloride which is formed by the action of air and light on 
chloroform. Following precautions are observed in the storage of 
chloroform to be used as anaesthetic : 


l. It is stored in dark-brown or blue bottles which are kept 
in a dark place (exclusion of light). 


2. The bottles are filled up to the brim and. firmly stoppered 
(exclusion of air). 


3. About 2 per cent of ethyl alcohol is added to retard the 
Oxidation of chloroform and convert any carbonyl chloride formed 
into the relatively harmless diethyl carbonate. 


UN 
CaHs0” 


ethyl alcohol carbonyl diethy] carbonate 
(2 mol.) chloride 


C=0 + 2HCI 


IODOFORM, CHls 


13. Preparation of Iodoform 


13-1. Laboratory preparation, Chloroform is made by the 
action of a hypochlorite on ethyl alcohol or acetone, Iodoform, its 
iodo analogue, is made by the action of a hypoiodite solution on these 
substances. However, the hypoiodite is unstable, and is made in 
situ by dissolving iodine in sodium hydroxide solution or sodium 
carbonate solution, or by using potassium iodide and sodium hypo- 
chlorite. The sequence of reactions is the same as in the case of the 
Preparation of chloroform. 


(a) With ethyl alcohol. 


o I NaOH 
CoH5OH — CH3.CHO > Cls.CHO —— — CHls + H.COONa 


on e aOH > CHIs-- 5Nal J-H.COONa - 5H3O 
Sa eae pod ans sod. formate 


(b) With acetone. 


I NaOH 
CH3.CO.CH3 — CI3.CO.CH3 — —— CHls + CH3.COONa 
3Nal + CHa.COONa 4- H20 
a THe COCHIN DM koaa acetate 


ONE e 


*Othez compounds with less serious after-effects are now preferred over 
chloroform for this Purpose. 


34 1.S$.C. CHEMISTRY VOL. I! 


The reaction may be conveniently carried out in a test tube in 
two ways : 


(i) by adding sodium hypochlorite solution to a mixture of 
acetone (or ethyl alcohol), potassium iodide solution, and sodium 
hydroxide solution, or , 


(ii) by warming a mixture of acetone (or ethyl alcohol) and 
sodium hydroxide (or, sodium carbonate solution) to 60°C, and add- 
ing iodine in small amounts until a permanent reddish tinge is 
obtained. A few drops of the alkali solution are then added to dis- 
charge the colour. 


Crystals of iodoform soon begin to separate as a. heavy lemon- 
yellow solid. These are filtered off, washed thoroughly with water, 
and recrystallized from methylated spirit. 


13-2, Manufacture. Jodoform is manufactured by the electro- 
lysis of a hot (10°C) aqueous solution of acetone containing sodium 
iodide. Yodine and sodium hydroxide produced by the electrolysis 
of sodium iodide react with acetone to give iodoforn 


14, Physical Properties of Iodoform 


1. lodoform is a. lemon-yellow, crystalline solid, with a strong 
characteristic smell, It melts at 119°C. 


2. It is insoluble in water and is only slightly soluble in alcohol. 
However, it dissolves freely in warm alcohol, chloroform, and carbon 
disulphide. 


15, Reactions of lodoform 


j 1. Stability. fodoform slowly decomposes in moist air, liberat- 
ing free iodine. On heating, it decomposes giving off iodine vapour. 
This explains why iodoform gives a yellow precipitate of silver 
iodide when heated with silver nitrate solution (chloroform does not 
give a precipitate of silver chloride). 


__ 2. Reduction. On reduction with phosphorus and hydriodic 
` acid iodoform gives methylene iodine. 


_CHIg + 2[H] ~~ CHgle + 2HI 
iodoform methylene iodide 
3. Hydrolysis. On boiling with alcoholic potash, iodoform 
undergoes hydrolysis to formic acid which is neutralized by the excess 
of alkali to give potassium formate The sequence of various steps 
is the same as in the case of chloroform. 


CHIg + 3KOH — H.COOH + 3KI + H20 
iodoform formic acid 


H.COOH + KOH > H.COOK + H20 


Or, CHI; + 4KOH — H.COOK + 3KI + 2H90 
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4. Isocyanide reaction. When idoform is heated with a 
primary amine and alcoholic potash, an isocyanide is formed which 
is readily recognized by its offensive smell. 

CHI + R.NH,. + 3KOH ~:R.NC + 3KI + 3H20 
idoform primary amine (alc.) isocyanide 

5. Formation of acetylene, When heated with silver powder, 
iodoform yield acetylene. 

CHiIg + 6Ag + I3jCH > CH=CH + 6AgI 


iodoform iodoform acetylene 


16. Uses of lodoform 

Jodoform is used as an antiseptic dressing for wounds and 
ulcers. Its antiseptic action is due to the liberation of free iodine 
and not due to itself as a substance. Its disagreeable smell is a detri- 
ment to its wide use, and it is being replaced by other substances. 


Questions 


1. (a) List four general raethods for preparing alkyl halides, | 


(b) Describe, with the help of a neat, labelled sketch, the preparation of 
ethyl bromide in the laboratory. 


2. What happens when— 
(i) ethyl chloride reacts with sodium ethoxide, 
(ii) ethyl bromide is heated with dry silver oxide, 
(iii) chloroform is heated with aniline and caustic potash, 
(iv) iodoform is heated with silver powder. 
3. How would you prepare from ethyl bromide— 


i. ethyl alcoho! iv. butane vii, diethyl ether 
ii. ethyl acetate v. ethane vii. ethylamine 
ili. propylamine vi. ethylene 


` 4. Explain the mechanisms of the substitution reactions of alkyl halides 
with suitable examples. 
5. Discuss the mechanisms of the elimination reactious of alkyl halides 
Corresponding to the £; reaction and the Æ, reaction. 
6. (a) Give an account of the reactions involved in the preparation of 
cloroform from ethy! alcohol and from acetone. 
(b) Describe the manufacture of chloroform from methane. 
(c) What precautions are taken in storing chloroform for use as an 
anaesthetic, and why ? 
(d) What happens when chloroform is treated with zinc and water? 
Heated with aqueous alkali ? 
7. (i) How is iodoform (a) prepared in the laboratory and (b) manufactured. 
by an electrolytic method ? 
(ii) Describe the principle reactions of iodoform. 
Cii) What is the main use of iodoform ? 
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Grignard Reagents 


Organic compounds in which a metal atom is directly bonded to 
carbon are called organometallic compounds. Some examples are : 


~ pyes AM ee 
C.Na NGH, HO cH, NI 
sodium diethyl zinc tetraethy! lead methyl magnesium 
acetylide iodide 


Compounds containing metal atoms not directly linked to carbon, 
e£. sodom methoxide, H,C—O—Na, and potassium acetate, 


[i 
H,C—C—O—K, are not organometallic compounds. 


The organometallic compounds of magnesium corresponding to 
alkylmagnesium halides, RMgX (R=alkyl group, X=a halide), are 
called Grignard reagents after the name of their French discoverer, 
Victor Grignard. They are very valuable materials in organic 
syntheses and can be employed for the preparation of almost all 
classes of organic compounds. 


1. Preparation of Grignard Reagents 


Grignard reagents are prepared by the action of alkyl halides 
on magnesium turnings suspended in alcohol-free ether. All the 
interacting substances and the apparatus used must be dry. 


ether 
+ Mg — R—Mg-X 
alky] halide alkyl magnesium halide 
(Grignard reagent) 
ether 
CHal + Mg —*  CHg3.Mgl 
methy] iodide methy] magnesium iodide 


It may sometimes be required to warm the reaction mixture or 
to add a trace of iodine catalyst to accelerate the reactions However, 
when a little Grignard reagent is formed, it catalyses the reaction 
which proceeds vigorously with evolution of heat. If the reaction 
tends to become violent, the reaction mixture is cooled externally. 


(36) 


GRIGNARD REAGENTS 37 


When the reaction is complete, a clear solution of the Grignard 
reagent in ether is formed. 


2, Application of Grignard Reagents in Organic 
Syntheses. 


Grignard reagents are colourless, non-volatile solids. However, 
they are not isolated from the ether solution prepared as described 
above, which is used as such in chemical reactions (ether acts as an 
inert solvent). Chemically, Grignard reagents are highly reactive. 
They react with many substances to yield almost all types of organic 
compounds. The syntheses of a few more important classes of 
organic compounds from Grignard reagents are outlined in the 
following paragraphs : 


1, Alkanes, When the ethereal solution of the Grignard 
reagent, R- Mg— X, is added to water, a vigorous reaction occurs 
and a an alkane is formed in a state of high purity. 


ua Loe OH 
R-[Mg—X + HOH > R-—H + Mg 
alkyl mag. halide water alkane 
mag. hydroxy halide 


CH3Mel + HOH CHa + Mg(OH)I 


methyl mag. iodide methane 


CoH;.Mgl_ + HOH > CeHs + Mg(OH)I 


ethyl mag. iodide ethane 


Grignard reagents yield alkanes in reactions with alcohols, 
ammonia, and amines, too. 


CHs[Mg Br + CoH5.O]H > CHa + Mg(OC2Hs)Br 
methyl mag. bromide ethyl alcohol methane mag. ethoxy bromide 


C,H;[Mg Br + NHg|H — CoHe + Me(NHs)Br 


ethyl mag. bromide ammonia ethane 


CHs3[Mg| + CaHs.NH|H > CHa + Mg(C2HsNH)I 
methyl mag. iodide — ethylamine methane 


Higher alkanes can be made from Grignard reagents by reaction 
with alkyl halides. 


R-Mg-X + X-R' > R—R' + MgX: 
. Grignard alkyl alkane magnesium 
reagent halide halide 


CH3.Mgl_ + 1.CeHs > CH3.CoHs + Mgle 
methyl mag. iodide ethyl iodide propane (C,H,) 
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2. Alcohols. Whena Grignard reagent is reacted with formal- 
dehyde ànd the product hydrolysed, a primary alcohol is obtained. 


HIOH HOH 
R—Mg—X + HaC=0 > R.CH20/—Mg—X —— R.CH,OH 

Grignard formaldehyde intermediate primary 

Teagent product alcohol 
+ Mg(OH)X 

HOH 

CBs.Mgl + H»C—O -> CH3.CH20.Mel —— CH3.CH,OH 
Methyl mag. iodide formaldehyde ethyl alcohol 
+ Mg(OH)I 


If an aldehyde ether than formaldehyde, e.g., CHs.CHO, is 
used, the product is a secondary alcohol: with ketones, tertiary 
alcohols are formed, 


CH; CH; H|OH HOH CH3 
CH&CHeO--MgÓ > Scu-o Mgl — CHOH 
acetaldehyde I CHs CH; 
methyl mag. — intermediate product isopropyl alcohol 
iodide (secondary alcohol) 
+- Mg(OH)I 
CHa, CHs CH3 N H|OH 
DC=0+MEC — CHa }c—olMst 
CHs T CH3 | 
acetone methyl mag. i 
iodide 
CHs OH 
CHs S C- OH Me, 
CHs I 
tert, butyl alcohol 
3. Aldehydes. These are made from Grignard reagents by 
reaction with hydrogen cyanide, and hydrolysing the product. 


H 


l O]H,  2H,0 you 
IMg.CHs + C=N-+CHs.CH=NMgl——>CH3.CHO+Me¢ +NHa 
methyl mag. hydrogen HIO aldehyde I 

iodide cyanide 


4. Ketones. These are formed by adding an alkyl cyanide 
to the etheral solution of a Grignard reagent, and hydrolysing the 
addition product with dilute acid. 


CHs 


| CHa, OIH, 2H,0 CHa, OH 

IMg.CHs+C=N>  YC=N.Mg1 -> >c=0+MsC 

methyl mag. methyl CHa CH; I 
iodide cyanide acetone 


-HNHs 
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5. Carboxylic acids, These can be made by adding solid 
carbon dioxide (dry ice) to a solution of Grignard reagent, and 
hydrolysing the product with dilute acid. 

o 
| -H|OH HOH " 


R—Mg—X-+COz+R—C—O—MeX —R-COOH + Me 
Grignard reagent carboxylic acid 4 iN x 
H|OH HOH /9 
CHs—Mg —Br4-COs- CH3 —COOMgBr— —CHs COOH + Mg 
methyl magnesium acetic acid NBr 
bromide 


This method makes it possible to form an acid from an alcohol 
È one less carbon atom, e.g.. acetic acid (2C) from methyl alcohol 
IC): 


PCI5 Mg CO, HOH 
‘CH30H—>CH3Cl Tee MEG ——>CH3,COOMgC! —CH3COOH 
ether 


6. Alkyl cyanides. Alkyl cyanides are formed by the 
reaction of Grignard reagent with cyanogen chloride, CNCI. For 
example, 


I 
CHa. Mel + CIICN — CH.CNEMIQ 


methyl magnesium methyl 
iodide cyanide 


7. Primary amines. Grignard reagents yield corresponding 
primary amines with chloramine, Cl.NHg. For example, 


Eee cl 
RJMgX + CNH: —R.NH+MeÇ 


Br 
CsHs.[MgBr 4 C].NH2 —> CaHs.NHa-- M 
ethyl magnesium chloramine ethylamine 
bromide 


2-1. Review of organic syntheses from Grignard re. 
agents, Grignard reagents yield the following classes of compounds 
directly by double decomposition reactions with suitable compounds, 


1. Alkanes by reaction with water. alcohols, ammonia, and 
primary amines 

2. Higher alkanes by reaction with alkyl halides, RX. 

3. Alkyl cyanides by reaction with cyanogen chloride, CNCI. 

4. Primary amines by reaction with chloramine, CINHg. 
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The following classes of compounds can be prepared from 
Grignard reagents by addition reactions with suitable compounds, and 
hydrolysing the products with a dilute acid. 

1. Primary alcohols by reaction with formaldehyde, HaC —0. 

2. Aldehydes by reaction with hydrogen eyanide, H.C=N. 

3. Ketones by reaction with alkyl cyanide, R.C=N. 

4. Monocarboxylic acids by reaction with solid CO». 

à Questions 
1. (a) What are organometallic compounds ? Select organo-metallic com- 
pounds from CH,Mgl, (CHs.COO),Mg, (C4H;), Zn, NaC=C.Na, CH,ONa, 

(6) What are Grignard reagehts ? 


(c) How are Grignard reagents prepared ? 


(d) Why is it necessary that the substances and the apparatus used in the 
preparation of Grignard reagents be dry ? 


2. Explain Grignard reagents and their applications in the syntheses of 
alkanes, primary alcohols, aldehydes, and carboxylic acids. 


Key 


1. (a) CH,. Mgl, (C;H;), Zn, and Na.CesC Na are organo-metallic com- 
pounds, 


(d) Because organometallic compounds react with water to yield alkanes. 


Bo 
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Ethers 


Ethers are compounds ofthe type R—O—R. That is, an ether 
consists of two alkyl groups linked directly by an oxygen atom. If 
the two alkyl groups are identical the ether is called a simple ether, 
eg., CH,O.CH, C,H,O0.C,H;, etc.; if different, the ether is 
called a mixed ether, e.g., CHy.0.C,Hs, CH,.0.C;H;, etc. 


Ethers exhibit isomerism with monohydric alcohols. For instance, 
dimethyl ether, CH,.0.CH,, is isomeric with ethyl alcohol, 
CH,.CH,.OH, and diethyl ether, C,Hy.0.C,H,, is isomeric with 
buty! alcohol, C,H,OH. Ethers also exhibit isomerism with 
members of their own homologous series, a phenomenon called 
metamerism. Thus the following ethers are metamers of the mole- 
cular formula C,H,,0. 


CH;.CH,.O.CH,.CH; diethyl ether 
CH;0.CH,.CH,CH; methyl n-propyl ether 
CH;.0.CH(CH;), methyl /so-propyl ether. 


The ethers may be regarded as the dialkyl derivatives of water 
(HOH and ROR), as the organic analogues of metallic oxides 
(Na—O—Na and R—O—R), or as the partial dehydration products 
of alcohols, thus 


ye dehydration R 
——--—-—- 50H00 
[9) n^ 


R—|OH 


Diethyl ether is by far the commonest and the most important of 
the ethers and is often referred to simply as ether. 


1, Diethyl Ether, C2Hs.0.C:H, 


1-1, Laboratory preparation, Diethyl ether is prepared in 
the laboratory either from ethyl alcohol or from an ethyl halide. 


1. From alcohol, When an excess of ethyl alcohol is heated 
with concentrated sulphuric acid to 140—145?C, the former is 
partially dehydrated to give diethyl ether. 

conc. H,SO, 
2C2H50H Spe CH5.0.C2H5 + H30 


(41) 


4 
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Probably, the first product of the reaction is ethyl hydrogen sul- 
phate, which then further reacts with the alcohol to form ether. 


C2H5OH + HoS04 > CoHs.HSO4 + H20 
CeHs.HSO4 + C2H50H —> C2H5.0.C2Hs + HeSO4 


Since the sulphuric acid is regenerated, theoretically the same 
quantity of the acid can be used to convert any amount of alcohol 


into ether. 
bed as the ‘continuous etherific^tion process’. 


And, it is for this reason that the method is often descri- 
In practice, however, 


side reactions occur causing reauction of some of the sulphuric acid 
and, in addition, the acid is progressively diluted by the water pro- 
duced. Hence, if large quantities of alcohol are involved additional 
small quantities of concentrated sulphuric acid would have to be 
added periodically. 


Concentrated sulphuric acid is added, a little at a time, to the 


alcohol, with shaking and cooling. The mixture is then heated to 


140— 145°C in the apparatus shown in Fig. 22-1. 


Additional alcohol 


is run in from the tap funnel at about the same rate as the ether 


distils over. 
unchanged alcohol, and dissolved sulphur 


The ether collecting in ihe receiver contains water, 
dioxide as impurities. 


After shaking with sodium hydroxide solution to remove the sulphur 
dioxide, the upper ether layer is separated and left over anhydrous 


calcium chloride (which removes both water and alcohol) until it is 
clear. 


The liquid is then redistilled; the fraction distilling between 


34?to 39'C being pure ether. Very pure ether can be obtained by 
redistillation over metallic sodium which removes any residual mois- 


ture or alcohol. 


highly explosive mixtures with the air. 
observe specia] precautions against fire and 


C 


ds alcbno! and 


conc. sulphuric 
acid 


impure ether 


Fig. 22-1. 


Preparation of diethy! ether from alcohol. 


Ether is very volatile and inflammable, and its vapour forms 
Hence, it is essential to 
explosions when 
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Preparing (and using) ether. First, a very efficient condenser and a 
well-cooled receiver must be used to condense the ether. Secondly, a 
length of rubber tubing should be attached to the receiver to lead 
any uncondensed ether vapour to floor level where, being dense, it 
remains out of reach of flames, 


2. From ethvl halides, Diethyl ether may be prepared from a 
ethyl halide, usually ethyl iodide, by either of the following two 
methods : 


(a) By heating a mixture of ethyl iodide and sodium ethoxide 
in alcoholic solution. 


CoHsl + CoHs.ONa —> CoHs.0.C2H; + Nal 
ethyl iodide sodium ethoxide diethyl ether 


This method is known as Williamson's synthesis. 
(b) By warming ethyl iodide with dry silver oxide. 
2C2H51 + AgeO > CoH5.0.CoHs + 2AgI 


2. Manufacture of Diethyl Ether 


1. By heating ethyl alcohol (excess) to 140°C with concentrated 
Sulphuric acid, as in the laboratory preparation. 


2. By passing ethyl alcohol vapour, at 250°C and under 
pressure, over a catalyst of alumina. Under these conditions ethyl 
alcohol is directly dehydrated to diethyl ether. 

Al,0,, 250°C 
C2Hs.0/H + HOl.CeHs —— C2H5.0.C2H5 + H20 
ethyl alcohol 2 (moles) diethyl ether 


3. Physical Properties of Diethyl Ether 


1. Diethyl ether is colourless mobile liquid, b.p. 35°C, sp.gr. 
0772, with a characteristic sweet smell. 


2. It is miscible with alcohol in all proportions. When mixed 
With water, some ether dissolves in the water and a little water 
dissolves in the ether, but this limited solubility can be reduced by the 
addition of salt. 


3. It is a very good solvent for many organic substances. 


4. When ether vapour is inhaled it causes unconsciousness, 
which explains its use as an anaesthetic. 


4. Reactions of Diethyl Ether 


Diethyl ether is very inert chemically, and does not react with 
metallic sodium, alkalis, cold phosphorus pentachloride, dilute acids, 
and most of the other common chemical reagents. Its principal 
reactions may be described as under : 
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1. Halogemation. Diethyl ether gives substitution products 
with chlorine and bromine. In the dark it reacts with chlorine to 
give dichloroethyl ether; in the presence of light, perchlorodiethyl 
ether is formed. 


CI, 
CH3.CH2.0.CH3.CHs Hy CHs.CHCI.O.CHCI.CHs 


diethyl ether dark dichlorodiethyl ether 
light 
(CaHs)O + 5SClg —*  (CaClpyO + 10HCI 
diethyl ether perchlorodiethyl ether 


2. Oxidatiom, Exposed to airfor a long time, especially in 
sunlight, ether slowly forms oxygen forming a peroxide which may 
explode when heated. 


C;Hy—0 - CaHs + 202 — C,Hs— O — CHHs or, (CaHs)0+0 
x xx 


ethereal oxygen with [in air] 208 
two lone pairs of +o 
electrons diethyl peroxide 


This oxidation can be prevented by storing ether in the presence 
of a little alcohol in dark, well-sealed bottles. 


When burnt in air, ether is rapidly oxidized to carbon dioxide 
and water. 


CoH5.0.CgHs + 602 — 4CO2 + 5H,O 


3, Formation of oxonium salts, Diethyl ether dissolves in 
cold, concentrated solutions of mineral acids by forming soluble 
oxonium salts, e.g.» (CaH5)20.H]*CI and [(C2Hs)20.H]*HSO4” with 
hydrochloric acid and sulphuric acid respectively. Crystalline 
oxonium salts can be isolated by cooling the solutions to very low 
temperatures. However, oxonium salts are stable only at low 
temperatures and in the presence of concentrated acids. If the 
solution is heated, or diluted with water, a splitting of the ether 
occurs, 


The formation of soluble oxonium salts permits the separation 
of ether from such organic liquids as ethyl bromide (which do not 
react with cold acids) by shaking with concentrated hydrochloric or 
sulphuric acid. 


4, Hydrolysis. When ether is heated with dilute sulphuric 
acid under pressure, it hydrolyses to give ethyl alcohol (2 molecules 
of alcohol for each moiecule of ether). 


H,SO, 
C2Hs.0.C2Hs + HOH ——— 2C2H;.0H 
diethy] ether water ethyl alcohol 
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5, With hot concentrated sulphuric acid, When heated 
with concentrated sulphuric acid, diethyl ether decomposes to give 
ethyl hydrogen sulphate. 

CaH;.O.CoHg + 2H2SOq ———> 2C2H;.HSO, + H20 

diethyl ether ethyl hydrogen sulphate 

6. With halogen acids. Dry hydrogen iodide attacks ether 
even at 0° to give ethyl iodide and ethy! alcohol. 

o 
C2H5.0.C2H5 + HI — CH5I + C:H5O0H 
diethyl ether ethyl iodide ethyl alcohol 
At higher temperatures, two molecules of ethyl iodide are formed. 


A 
C2H5.0.C2H5 + 2HI ——- 2C2HsI + H20 

Hydrochloric and hydrobromic acids cleave ether much less 

readily than hydriodic acid; the order of reactivity being 
HI>HBr>HCI. 

7. With phosphorus pentachloride, Ether does not react 
with phosphorus pentachloride in cold; on heating it slowly reacts 
with it to give ethyl chloride, 


C3H5.O.CoHs + PCls > 2CgHsCi + POCIS 
5. Uses of Diethyl Ether 


1. As a solvent, either for dissolving organic substances or for 
extracting them from aqueous solutions or suspensions. Many 
syntheses are carried out in ethereal solutions. 


2. As an anaesthetic (in conjunction with chloroform and 
alcohol, or with nitrous oxide and oxygen). 

3. For producing low temperatures. Very low temperatures may 
quickly and easily be produced by rapidly evaporating liquid ether. 
A mixture of ether and solid carbon dioxide is used as a low 
temperature bath (— 110°C) for the liquefaction of gases, etc. 

4. As a composite part of certain medicines. 


6. Structure of Diethyl Ether 


1. Its molecular formula as deducted from analytical data and 
molecular weight is C4H100. 


2. That ether neither reacts with sodium to liberate hydrogen 
nor with phosphorus pentachloride to evolve hydrogen chloride 
proves the absence of a hydroxyl group in its molecule. 


f 3. Its reaction with hydrogen iodide in cold in which ethyl 
iodide and ethyl alcohol are formed indicates the presence of two 
ethyl groups linked through an oxygen atom : 


C2H5—O|— Co Hg 
All 
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4. The above structure for diethyl ether is fully confirmed by 
its preparation from ethyl iodide and sodium ethoxide. 


C2H;ONa + LCsHg > CaH5—O-—C&;Hs + Nal 
sodium ethoxide ethyl iodide diethyl ether 


7, Distinction Between Ethyl Alcohol and Diethyl Ether 


Diethyl Ether 


Ethyl Alcohol 


1, Odour Alcoholic Ethereal 
2. Miscibility with water | Perfectly miscible Apparently immiscible 
3. Action of sodium Hydrogen liberated No action 
4. Action of PCI, Pydtogen chloride evolved| No action in cold 
in 


5. With alkali and iodine | Gives Yellow crystals of | No action 
iodoform 


Questions 


1. (a) How is diethyl ether prepared in the laboratory ? Draw a neat, 
labelled sketch of the apparatus used ? 

(b) How is diethyl ether manufactured ? 

2. (a) Describe the main reactions of diethyl ether. 

(5) List the main uses of diethyl ether. 

(c) Give three chemical reactions to differentiate between ethyl alcohol 
and diethyl ether. 


na 
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Acid Derivatives 


Derivatives of carboxylic acids in which the hydroxyl group of the 
acid has been replaced are called acid derivatives. The four main 
classes are acid chlorides (also called acyl chlorides), acid anhydrides, 
acid amides, and esters. These may be regarded as derived from 
carboxylic acids by the replacement of the OH of the carboxyl by 
chlorine atom (—Cl), (carboxylate group, R.COO—), amino group 
(—NH,), and alkoxide group (—OR) 

R.COOH + R.COCI (acid chloride) 

R.COOH — R.CO.OOC.R (acid anhydride) 

R.COOH + R.CONH, (acid amide) 

R.COOH > R.COOR (ester) 
As aclass, acid chlorides are colourless liquids or solids, have a 
pungent odour, and are readily hydrolyzed by water. Acid anhy- 
drides, as the name indicates, can also be regarded as derived 
from acids by dehydration (two molecules of acid losing one mole- 
cule of water to yield the acid anhydride). Acid amides are charac- 
terized by a weckly amphoteric nature. The esters are usually 
pleasant smelling compounds. They are primarily responsible for 
the flavour and fragrance of many flowers and fruits. Ethyl butyrate 
has the odour of pineapples, n-amy! acetate has the odour of 
bananas, and octyl acetate that of oranges. 


In this chapter we shall study one representative member of each 
of the four classes of acid derivatives, viz., acetyl chloride, acetic 
anhydride, acetamide, and ethyl acetate, and also some naturally 


occuring esters. 


1. Acetyl Chloride, CH;.COCI 
This is the most important of the aliphatic acid chlorides, a 
class of compounds with the general formula CaHz»4,.COCI and 
with the structure 
[0] 


Cl 


Each acid chloride is named by replacing the -ic of the acid name 
by the ending -yl and then adding the term chloride. Thus, the 
acid chloride derived from butyric acid is named butyryl chloride. 


R-C 


(47) 
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1-1. Laboratory preparation. Acetyl chloride can be made 
by the action of phosphorus trichloride, phosphorus pentachloride, . 
or thionyl chloride on acetic acid or sodium acetate. 

3CH3.COOH + PCl — 3CHa.COCI + HsPOs 

3CH3.COONa + PCla — 3CHs.COCI + NasPO3 
CH3.COOH + PCl5 — CH3.COCI + POCIs--HCI 

CH3.COOH + SOClz > CH3.COCI + SOz + HC! 

It is usually prepared in the Jaboratory by the action of phos- 
phorus trichloride on glacial acetic acid. The phosphorus trichlo- 
ride is slowly added by means of a dropping funnel to glacial 
acetic acid taken in a round-bottom flask It may be necessary to 
cool the flask in the earlier stages of the reaction Subsequently, 
the reaction mixture is heated in a water-bath in the apparatus ^s 
shown in Fig. 23-17 The temperature is slowly raised to 45—50*C 
until the evolution of HCI ceases. The soda-lime tube attached to 
the receiver serves to trap the hydrogen chloride evolved in the 
reaction as well as to protect the product from atmospheric 
moisture. The water-bath is then heated to 100°C when acetyl 
chloride distills over. 

phosphorus 
trichloride 


Fig. 23-1. Preparation of acetyl chloride by the action of 
phosphorus trichloride on acetic acid 

1-2. Physical properties. Acetic chloride is a colourless, 
volatile liquid, b p. 52°C, with a pungent smell. The fact that the 
higher-molecular-weight acetyl chloride has a boiling point of only 
52°C, while acetic acid boils at 118°C shows that acetyl chloride is 
an unassociated compound, 

13. Reactions. Acetyl chloride (like all acid chloride) is 
characterized by a high order of chemical reactivity. Its important 
reactions can be described under following headings : 

.l. Hydrolysis. Acetyl chloride reacts with cold water 
forming acetic acid and giving off hydrogen chloride. 
CH3.COCI + H.OH > CH3.COOH + HCI ¢ 
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It is due to the formation of hydrogen chloride that acetyl chloride 
fumes strongly in moist air. 


The hydrolvsis of acetyl.chloride with alkalis can be explosive. 


2. Acetylation. Acetyl chloride will react with any compound 
having a reactive hydrogen atom (as in —OH and —NHs groups) 
and replace it by an acetyl group, CHs.CO—. Such reactions are 
called acetylation (the term used for acid chlorides, in general, is 
acylation). 


i. With alcohols. Acetyl chloride reacts vigorously with alcohols 
at room temperature to give the corresponding acetate esters, e.g., 
ethyl acetate with ethyl alcohol. 


CHs.CO|CI + H|O.CoH; — CH3.COO.C2Hs + HCI f 
acetyl chloride ethyl alcohol ethyl acetate 


Similarly, with phenol, CgH5.OH, it gives phenyl acetate and hydro- 
gen chloride. 


CHs.COCI + HO.CeHs -> CHs.COO.C4H; + HCI t 
acetyl chloride phenol phenyl acetate 


In fact, in hydrolysis, too, acetyl chloride replaces one hydrogen 
atom in water by an acetyl group forming acetic acid. 


ii. With ammonia and amino compounds. Acetyl chloride reacts 
with ammonia to form acetamide and with amines (R. NH) to form 
substituted amides by replacing one hydrogen atom by the acetyl 
group, CH3.CO—. 


CHs.CO|CI + H|-NHs > CHs.CONH; + HCI f 


acetyl chloride ammonia acetamide 
CHs.CO|CI + H|-NH.C2Hs > CHs.CO.NH.C;H; + HCI t 
acetyl chloride ethylamine acetyl derivative 
C,H,.NH;) of ethylamine 


with aniline, CeHg.NHs, acetanilide is formed. 
CeHs NH2 + CHa.COCI + CgHs.NH.COCHs + HCI f 


aniline acetyl chloride acetanilide 


Acetyl group is often introduced for converting volatile 
hydroxy compounds or amino compounds into crystalline solids 
which can be easily purified and identified by their melting points. 
Acetylation is used as a means to ‘protect’ amino groups during 
nitration. 

3. Reduction. When reduced with hydrogen at 100—150* in 
the presence of palladium deposited on barium sulphate, acetyl 
chloride is converted into acetaldehyde (Rosenmund reaction). 


Pd/BaSO, 
CHs.COCI4- Hg ——— —- CH3. CHO + HCI 
actyl chloride 100—150* acetaldehyde 
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However, reduction of acetyl chloride with lithium aluminium. 
hydride yields ethyl alcohol. 


LiAIH, 
CHs.COCI + 4[H] LIPS CH3.CH20H + HCI 
acetyl chloride ethyl alcohol 
4. Formation of acetic anhydride. When acetyl chloride is ueated. 
with anhydrous sodium acetate, acetic anhydride is formed. 


CHs.CO(CI E CH3.CO 


+ CHg.COOlNa CHa Co” 
acetic anhydride 


5. With Grignard reagent. When acetyl chloride is added to 
a Grignard reagent, a ketone is formed as the first product. Thus, 
acetyl chloride reacts with methyl magnesium chloride, CH3.MgCl, 
to give acetone. 


CHs.CO|CI + CiMg|.CHs —+ CH3.CO.CHs + MgCla 
acetyl chloride methyl mag- acetone 
nesium chloride 
6. With ether. In the presence of zinc chloride, acetyl chloride: 
reacts Mid diethyl ether to give ethyl acetate and ethyl chloride. 


CHs.COCI + Calo C2H5 — CHs.COOC2Hs + CeHsCl 
acetyl chloride diethy] ether ethyl acetate ethyl chloride 

7. With potassium cyanide. Acetyl chloride reacts with pota- 
ssium cyanide in same way as do alkyl halides, giving acetyl cyanide: 
which on hydrolysis forms pyruvic acid. 

KCN HO 

CH3.COCI ——-+ CH3.COCN ——-* CH3CO.COOH 

acetyl chloride acetyl cyanide pyruvic acid 

1-4, Uses. (1) For the acetylation of alcohols and amines. 


(2) For the detection of alcoholic and amino groups in organic 
compounds. 


(3) In organic syntheses. 
2. Acetic Anhydride, (CH,.CO):0 

This is the most important of the aliphatic acid anhydrides, a. 
class of organic compounds with the general formula (CaHen41.CO)20. 
‘An acid anhydride is formed theoretically by the loss of a molecule 


of water from two molecules of the acid. The formation of acetic 
anhydride, for instance, may be shown to take place as follows : 


o (0) [9] (0) 
li y D i] 
CHs—C—OjH + HOj—C—CH3 > CHg—C—0—C— CH; + H3O* 


acetic acid acetic acid acetic anhydride 
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; 2-1. Laboratory preparation. Acetic anhydride is prepared 
in laboratory by the interaction of acetyl chloride and anhydrous 
sodium acetate. 


CH3.CO. 
CH3.COCI + NaOOC.CHs —> 2O + NaCl 
acety! chloride sodium acetate CHs.CO 
acetic anhydride 


Powdered anhydrous sodium acetate is placed in a flask which 
is cooled by immersion in cold water and acetyl chloride is added 
slowly from the dropping funnel. The mixture is gently shaken at 
intervals. When all the acetyl chloride has been added, the mixture 
is distilled using an air condenser in place of the usual water con- 
denser. Acetic anhydride distils over between 135-140°C. 

2-2. Manufacture, Acetyl chloride is manufactured by passing 
acetylene into glacial acetic acid containing some mercuric sulphate 
as catalyst. Ethylidene acetate is first formed, which on distillation 
yields acetic anhydride. 


Hg'* /0.€0.CHs A CH3.CO\ 
CsHs + 2CH3.COOH —> CHs: CHC ron 79 
acetylene acetic acid O.CO.CHs Hs.CO 
ethylidene acetate acetic anbydride 
+ CH3.CHO 


acetaldehyde 


2.3, Physical properties. Acetic anhydride is a colourless 
liquid, ` b.p. 139°C,* with a sharp smell similar tothat of aceticacid. 
It is readily soluble in ether and benzene. 

2.4, Reactions, Acetic anhydride resembles.acety! chloride as 
an acetylating agent for hydroxy and amino compounds, but is less 
vigorous in its reactions and therefore more convenient than acetyl 
chloride. 


1. Hydrolysis. Acetic anhydride reacts slowly with cold water 
and rapidly on warming, giving acetic acid. 


HOJA + CHs.CO.O|.COCHs > 2CHs.COOH 

water acetic anhydride acetic acid 

2. Acetylation. Acetic anhydride reacts with hydroxy and 
amino compounds forming their acetyl derivatives. In these reactions 
part of the acetic anhydride molecule is used up in acetylation, and 
part of the molecule is converted into acetic acid. 
CoHgOH + (CHa.COMO -* CH3.COOCsHs + CHs. OOH 


ethyl alcohol acetic anhydride ethyl acetate acetic acid 
eHs.NHe + (CH3.CO)20 > CgHs.NH.COCHs + CH3.COOH 
aniline acetic anhydride acetanilide acetic acid 


*In general, acid anhydrides have boiling points higher than those of the 
parent acids. 
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3. With dry hydrogen chloride. Acetic anhydride reacts with 
dry hydrogen chloride giving acetyl chloride and acetic acid. 


CHs.CO.O.COCH; + HCl > CHs.COCI + CHs.COOH 


acetic anhydride (dry) acetyl chloride acetic acid 


4. With phosphorus pentachloride. Acetic anhydride reacts with 
phosphorus pentachloride giving acetyl chloride. 
(CH3.CO)20 + PCls > 2CHs.COCI + POCI» 
acetic anhydride acetyl chloride 
2-5. Uses, (1) Mixed with glacial acetic acid, it is used indus- 
trially as an acetylating agent in the manufacture of cellulose acetate 
(acetate rayon), acetanilide, aspirin, and many other acetyl com- 
pounds. 


(2) For the detection and estimation of hydroxy and amino 
groups in organic compounds. 


3. Acetamide, CH,.CONH: 


Acetamide belongs to the class of acid amides, having the 
general formula C;Hen,1.CONHe. Each acid amide is named by 
dropping the — ic of the acid name and then adding to that stem the 
ending —amide, e.g., acetamide from acetic acid and propionamide 
from propionic acid. 


Acetamide is the derivative of acetic acid in which the hydroxyl 


portion of the carboxyl group, -c£ is replaced by the amino 
OH 


oO 
(—NHsg) group, giving rise to the amiae group,- C 
NH2 


o o 
CH,-CÓ — — CH.- e 
OH NHa 
acetic acid acetamide 
From another point of view acetamide may be considered as 
the monoacetyl derivative of ammonia since one of the hydrogen 
atoms of ammonia (H.NHs) has been replaced by an acetyl group 


(nc, 


3-1. Laboratory Preparation, Acetamide can be prepared 
by the following reactions. 


.. l. By heating ammonium aceiate with excess of glacial acetic 
acid, when the former is dehydrated to acetamide. 


^ 
CH;.COONH, —-* CHs.CONH; + H20 
ammonium acetate acetamide 
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The acid is used to suppress the dissociation of ammoniu m 
acetate into acetic acid and ammonia 


A 
CH3.COONH4 = CH3.COOH + NHsg 


The ammonium acetate is usually prepared in situ by gradually 
adding powdered ammonium carbonate to excess of glacial acetic 
acid. The resulting solution of ammonium acetate in acetic acid is 
then boiled for about an hour using an air condenser (Fig. 23-2 a). 
Ammonium acetate is partially dehydrated to acetamide, and the 
water vapour escapes through the condenser. The mixture is now 
transferred to a distilling flask, and the apparatus as shown in 
Fig. 23-2 (b) set up. On heating the flask water and acetic acid distil 
over first. The fraction distilling between 190° to 210°C is collected 
and is mainly acetamide which solidifies on cooling. It is purified 
by recrystallization from acetone. 


air condenser 


reaction 
mixture 


(a) (5) 
Fig. 23-2. Preparation of acetamide from ammonium acetate. 


2. By the action of a concentrated solution of ammonia on 
acetyl chloride, acetic anhydride, or ethyl acetate. 


CH3COCI + 2NH3 > CHs.CONH, + NH4CI 
acetyl chloride acetamide 


(CHg.CO)gO0 + 2NH3 > CH3.CONHg + CH3.COONH4 
acetic anhydride acetamide ammonium acetate 


CH3.CONH2 + CoH;OH 
Ei en EOS Mee ando 2 ethyl alcohol 


The first two of these reactions are convenient and suitable for 
the laboratory preparation of acetamide. 
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3. By partial hydrolysis of methyl cyanide with a cold acid 
(e.g., sulphuric acid) or with alkaline hydrogen peroxide. * 


alk. H,O, 
CH3.CN. + H:O ————— CHs.CONHa 


methyl cyanide or, conc. H,SO, acetamide 


3-2. Physical Properties. (1) Acetamide is a colourless 
crystalline solid, melting at 82°C and boiling at 222°C. Its high 
boiling point, seemingly incredible for a compound of molecular 
weight 59, is due to its association by hydrogen bonding into dimeric 
molecules. The structure of acetamide dimer is 


oB-N-H 
CHs—C€ 3c-ch 
H-N-H--O 


(2) Pure acetamide is odourless, but commercial samples have 
a characteristic rat-like smell due to traces of methylacetamide 
impurity, 


(3) Acetamide dissolves in water in all proportions, giving 
neutral solutions. It is also soluble in alcohol and either. 


(4) It is an excellent solvent for both organic and inorganic 
substances, 


3.3. Reactions, Principle reactions of acetamide are : 


1. Hydrolysis. Acetamide readily hydrolyses when boiled with 
dilute acids or alkali solutions, yeilding acetic acid or its salts 
respectively, 


CH3. CONH? + H2O + H$804 > CH3.COOH + NH4H$SO, 
CH3.CONH2 + NaOH — CH3.COONa + NH; f 


2. Hofmann's reaction. When acetamide is treated with bromine 
followed by the addition of sodium hydroxide solution, methylamine 
isformed. The overall change may be represented by the equation. 


CH3.CONH:+Bro+4KOH > CH3.NH, +2KBr+KeCOg+ 2H20 
acetamide methylamine 


It may be noted that the resulting amine has one carbon atom 
less than acetamide. 


3. With nitrous acid. Acetamide reacts with nitrous acid (sodium 
nitrite and dilute hydrochloric acid) giving acetic acid, nitrogen, and 
water. 


Lc REESE. 
CH3.CO.NHg + HO.NO + CH3.COOH + H:O + Nat 
acetamide X — —. — —»À acetic acid 

nitrous acid 
1. 
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4. Dehydration. When distilled with phosphorus pentoxide 
acetamide is dehydrated to methyl cyanide. 


P,O; 
CHs.CONH» ——> CH3.CN + H20 


acetamide methyl cyanide 


5. Reduction. Acetamide is reduced catalytically or by sodium 
and ethanol to give ethylamine. 


Na/C,H,OH 

CH3.CONH2 + 4[H] ————— CHa.CH2NHg + H20 

acetamide ethylamine 

6. Amphoteric character. Acetamide is very weakly amphoteric. 
It forms salts such as CHs.CONHg:.HCl, which are unstable and 
decompose when treated with water, Its weakly acidic character is 
revealed in the formation of mercury salts when it is boiled with 
mercuric oxide. 


2CHs.CONHe + HgO — (CH3.CONH)sHg + H4O 


3-4, Tests. (1) When acetamide is boiled with alkalis, ammonia 
is liberated. 


(2) When it is treated with a solution of sodium nitrite acidi- 
fied with dilute hydrochloric acid (i.e., nitrous acid), brisk effer- 
vescence occurs due to the evolution of nitrogen. 


(3) It is distinguished from ammonium acetate by not giving 
off ammonia with cold solution of caustic soda and by giving no 
red colour with neutral ferric chloride solution, 


4. Esters 


Esters are organic compounds produced by the interaction of 
alcohols and acids. Or, they are the derivatives of carboxylic acids 


[0] 
corresponding to the formu!a R-c( . Where R-= and R' — 
O-R' 
groups may be the same or different. Usually, the term ester is 
restricted to the products of organic acids; the products of inorganic 
acids being classified in other wavs (e.g. as alkyl halides). The 
reactions between acids and alcohols producing esters are reversible, 
and are called esterification. 


Acip + ALCOHOL = Ester + WATER ( Esterification) 


Esterification is a very slow reaction, even when heat is applied. 
It is, therefore, carried out by heating the acid and alcohol in the 
Presence of concentrated sulphuric acid. The latter not only 
catalyzes the reaction, butalso absorbs the water formed, thereby 
Preventing the back-reaction and displacing the equilibrium to the 
right to a higher yield of the ester.* 


*In case the organia@acid reacts with concentrated sulphuric acid, dry 
hydrogen chloride is bubbled into the reaction mixture of the acid and alcohol. 
This is knowa as the Fischer-Speier method of esterification, 
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4-1, Esters and salts, Esters are formed by the interaction 
ofacidsand alcohols, salts by the interaction of acids and bases; 
water being essentially formed in both cases. However, the resem- 
blance between esterification and neutralization as also that between 
esters and salts is only superficial. Neutralization is essentially a 
reaction between ions and so proceeds almost instantaneously to 
completion; esterification involves reaction between covalent mole- 
cules and is both slow and reversible. The products of these reac- 
tions, viz., acids and salts, also differ in several significant respects 
summarized in the following table. 


Table 23-1. Differences between esters and salts 
ETE OOS ee ee UU LOREERT UR HEME 
Esters Salts 


1. Esters are mostly volatile, plea- 1. Salts are mostly non-volatile 


sant smelling liquids, odourless solids. 

2. Esters are covalent compounds 2. Salts are ionic compounds, readily 
which do not ionize and are soluble in water and dissociate 
only slightly soluble in water. into ions in solution. 

3. All esters show good solubility 3. Salts are usually insoluble in 
in a variety of organic solvents. organic solvents. 

4. Esters are readily hydrolyzed to 4. Except the salts of weak acids or 
give the parent acid and alcohols. weak bases, the salts do not 

hydrolyse. 

5. Esters are neutral in character, 5. Insolution, salis may be neutral, 


or acidic or basic due to hydrolysis. 


4-2. Nomenclature. Despite the structural differences between 
esters and salts, esters are given names which resemble those used for 
the salts of the corresponding acid ; 


CH3.COONa CH3.COOC3H; 


sodium acetate ethyl acetate 


The base of the name refers to the part of the structure related to 
the acid, formate, acetate, propionate, etc. ltis preceded by the 
name of the alkyl radical in the alcohol involved in the preparation 
of the ester, methyl, ethyl, propyl, eic. — 


4-3, Importance of esters. Esters are an important class 
of organic compounds not only for their numerous applications in 
industry, but also because they include such biologically important 
substances as fats. They are distributed widely in nature and contri- 
bute to the characteristic fragrance of flowers and the flavours of 
fruits. In industry they are employed as perfume and flavouring 
materials, solvents, synthetic agents. and for ihe preparation of 
plastics. For the production of commercial perfumes and flavours 
numerous organic esters are made by synthetic methods and are 


ACID DERIVATIVES 2 57 


used either alone or blended with natural products. Naturally 
occurring esters of glycerol and higher fatty acids, viz., fats and 
oil are used for the manufacture of soaps and glycerol, and in foods. 


4-4, Identification of esters. Esters are identified by recogni- 
zing the products of their hydrolysis. The given ester is boiled under 
reflux with an alkali for about 30 minutes, when it is hydrolysed 
into an alcohol and the salt of an acid. The alcohol is distilled off, 
collected, and recognized by the usual tests. The non-volatile salt 
left behind in the distillation flask is acidified for liberating the acid 
which is isolated by distillation (or by filtration, if insoluble), and 
recognized by applying the usual tests. Ethyl acetate treated in this 
way, for example, would yield ethyl alcohol in the first distillate, 
and acetic acid in the second. With the identification of these 
products, the identity of the ester is at once deduced. 


5. Ethyl Acetate, CH;.COOC,H, 

Ethyl acetate is much the most well-known of esters, and in 
many respects typical of this class of organic compounds. 

5-1, Laboratory preparation. Ethyl acetate can be pre- 
pared by the following reactions : 

l. By the interaction of acetyl chloride or acetic anhydride 
with ethyl alcohol. 


CH3 COÍCI + HJO.CeHs > CH3.COO.CoHs-- HCI 


acetyl chloride ethyl alcoho! ethyl acetate 
(CH3.CO),0 + CgHs5OH — CHa.COO.CeHs + CH3.COOH 
acetic anhydride ethyl alcoho! ethyl aceiate acetic acid 


2. By heating ethyl iodide with silver acetate, and filtering off 
the insoluble silver iodide after the reaction i$ over. 


A 
CHs.COO[Ag + l.CoHs — CH3.COO.C2Hg + Agl 


silver acetate ethyl iodide ethyl acetate 


: 3. By heating eth»! alcohol with glacial acetic acid to 140°C 
in the presence of concentrated sulphuric acid. 


CHs.COIOH + H|O.CeHs e CHs.COOCsHs + H20* 


acetic acid ethyl alcoho! ethyl acetate water 


—— 


*The older view that esterification involved the hydrogen of t e carboxyl 
group of the acid and the hydroxyl of the alcohol as shown «n the equation. 


CH,.COO|H — HO.C,H, e CH,.COO.C,H, + HO 


was experimentally proved to be incorrect by Roberts and Urey in 1938, who 
used labelled oxygen atoms !*O in the acid and the alcohol to. study the reaction 
mechanism. They found that the oxygen in the water formed came from the 
acid and not from the alcohol. 
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This is the most usual method for the preparation of ethyl 
acetate in laboratory. A mixture of equal volumes of ethyl alcohol 
and concentrated sulphuric acid is prepared by adding the acid in a 
slow stream to the alcohol with shaking. The apparatus is then set 
up as shown in Fig. 23-3, and the acid-alcohol mixture heated on an 
oil-bath to about 150°C. A mixture of equal volumes of ethyl 
alcohol and glacial acetic acid is added from a tap funnel at about 
the same rate at which the ethyl acetate distils over into the receiver. 
The product is impure containing alcohol, acetic acid, ether, and 
sulphurous acid. It is shaken with a saturated solution of sodium 
carbonate in a separating funnel to remove the acidic impurities. The 
upper layer is separated, and shaken with a concentrated solution of 
calcium chloride to remove ethyl alcohol. The upper ethyl acetate 
layer is again separated and dried by leaving it to stand over lumps 
of anhydrous calcium chloride until the liquid is clear. It is then 
filtered and carefully distilled on a water bath, the fraction boiling 
between 74°C to 79°C being ethyl acetate almost free of ether. 


ethyl alcohol and 
glacial acetic acid 


ethy! alcohol 
and conc 
sulphuric acid 


impure 
ethyl acetate 


Fig. 23-3. Preparation of ethyl acetate from 
ethyl alcohol and acetic acid. 


5.2. Physical properties. (1) Ethyl acetate is a colourless 
liquid with a pleasant fruity smell, sp. gr. 090. 


(2) It boils at 77°C, the comparatively low boiling point (its 
isomeric n-butyric acid, C4Hz.COOH, boils at 164°C) indicating the 
non-associated character of ethy! acetate. 


(3) Ethyl acetate is only slightly soluble in water but dissolves 
readily in organic solvents such as alcohol and ether. 
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5-3. Reactions, The important reactions of ethyl acetate are : 


1. Hydrolysis. When} hydrolysed, ethyl acetate yields ethyl 
alcohol and acetic acid. With water alone the hydrolysis occurs 
‘extremely slowly, even on boiling. 


CH3.COO.C:Hs + H.OH = CH3.COOH + CoH5OH 


ethyl acetate water acetic acid ethyl alcohol 


The hydrolysis is catalysed both by hydrogen ions from mine- 
ral acids and by hydroxyl ions from alkalis, the rate of reaction being 
proportional to the concentration of these ions. However, the hydro- 
lysis occurs most rapidly with the alkalis, and particularly so with 
alcoholic solutions of the latter. In the alkaline hydrolysis, sodium 
(or potassium acetate) and ethyl alcohol are formed. 


CH3.COOC2Hs + NaOH > CHs.COONa + CoH;OH 
ethyl acetate sodium acetate — ethyl alcohol 


. . Alkaline hydrolysis of fats and oils, the glyceride esters of 
higher fatty acids, is conducted on a large scale in the manufacture 
of soaps which are the alkali salts of the higher fatty acids. Because 
of this association with the production of soaps, alkaline hydrolysis is 
also known as saponification, = 


2. With ammonia. When ethyl acetate is shaken with a con- 
centrated solution of ammonia, acetamide and. ethyl alcohol are 
formed. 

CH3.COOC2Hs + NHs EE CHa.CONH3 T CHOH 


ethyl acetate ammonia acetamide ethyl alcohol 
This reaction is called ammonolysis, i.e. “splitting by ammonia". 


....3. Reduction. When reduced by lithium aluminium hydride, 
LiAIH, by an alcohol and metallic sodium, or by hydrogen at high 
pressures, ethyl acetate gives ethyl alcohol. 


CH3.COOC$Hs + 4[H] > 2CoH5OH 


4. With phosphorus pentachloride. Ethyl acetate reacts with 
Phosphorus pentachloride to give acetyl chloride and ethyl chloride. 
CH3.COOC$sHs + PCls — CHsg.COCI +  CoHsCl + POCIs 
ethyl acetate acetyl chloride ethyl chloride 
5-4, Uses. Ethyl acetate is chiefly used as a solvent for cellulose 
nitrate in quick-drying lacquers and in nail polishes. 


6. Fats and Oils 


All fats and oils of vegetable or animal origin are complex 
mixtures of the esters of glycerol, known as glycerides. The aliphatic 
acids esterified with glycerol in the natural fats contain an even 
number of carbon atoms varying from 4 to 26, but the majority of 
the acids contain 16 or 18 carbon atoms. Ordinarily, the acids are 
of the straight-chain variety, and these may be saturated (e.g., 
stearic acid, Cy7Hgs.COOH) or unsaturated (e.g., oleic acid, 
(CyzH33.COOH). Chemically, there is not much significant difference 
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between fats and oils. The glycerides of saturated acids of high 
molecular weight, being solids at room temperature, are called fats. 
The glycerides of acids of low molecular weight or of highly un- 
saturated acids, being liquids. at ordinary temperature, are called 
oils. Butter fat differs from all the other fats in containing glycerides 
of lower acids, mainly butyric acid (C3H7.COOH), caproic acid 
(C5Hy1.COOH), caprylic acid (CgH35.COOH), and capric acid 
(CgH19.COOH). 


6-1.. Types of glycerides. Glycerides are of two broad types : 
simple and mixed. In simple glycerides the three hydroxyl groups 
of glycerol are esterified with three molecules of the same acid. 
Glyceryl tristearate (called, stearin), illustrated below, is an example 
of a simple glyceride : 


CH30jH HO|OC.C3;Hs5 CH2.00C.C17H35 


| 
CHO H + UN > CH.OOC.Cy7H3s + 3H20 


CH30|H HO|JOC.Ci7Hss CH2.00C.C17H35 


glycerol stearic acid glyceryl tristearate 


In mixed glycerides cach molecule of glycerol has been esteri- 
fied with two or even three different acids. Glycerol palmito-stearo- 
oleate derived from palmitic acid (C1ı5H31.COOH), stearic acid 
(C7H35.COOH), and oleic acid (C17H33.COOH) is an example of a 
mixed glyceride. i 


T HOJOC.Cı5H31 E TOOS MAN 
| 1 
dro iH + HOOC.Ci;Hs; > TAIN + 3H20 
CHO] HOJOC.C1;Has CH2.00C.C17H33 
glycerol palmito-stearo-oleate 
Formerly it was believed that fats and oils were mixtures of 


simple glycerides. Recent studies have, however, established that 
all natural fats and oils consisit of mixtures of mixed glycerides. 


6-2. Extraction of fats and oils, The various methods are : 


1. Rendering. This method consists in heating the fat and 
oils containing animal tissue with water or steam, when the fat rises 
to the surface and is skimmed off. Tallow is made in this way from 
mutton and lard from pig-meat. 


2. Pressing. Most vegetable oils aie obtained by crushing 
the fruits or seeds of the plant between rollers and then pressing in 
a hydraulic press so that the oil is squeezed out. The principal 
Sources are peanuts, coconuts, cottonseed, castor beans, palms, lin- 
seed, soya beans, and olives. The pressed cake is used as fodder 
for milch cattle. 


3. Solvent extraction. The pressing method does not remove 
the oil completely, and smali amounts are left in the pressed cake. 
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These are often recovered by extraction with a solvent such as 
benzene, petroleum ether, or carbon disulphide. 


4 After extraction by any of the above methods, the crude oil 
is treated with a little alkali to remove any free acids as also the 
colloidal impurities. The oil is then decolorized by agitation with 
plaster of Paris and animal charcoal at 70°-80°C, and then deodori- 
zed with steam. 


6-3. Physical properties. 1. At ordinary temperature, oils 


are liquids, while fats are solids, with no odour or taste in the pure 
state. 


2. They are lighter than water, and immiscible with it; there- 
fore, when mixed with water they separate in the upper layer. 


3. They dissolve freely in organic solvents such as chloroform, 
carbon tetrachloride, ether, acetone, and benzene. 


4. They can be emulsified with water in the presence of soap, 
gelatine, or any other emulsifier. 


6-4, Reactions. The chemical reactions of fats and oils are, 
in fact, the reactions of the glycerides of the saturated and unsatu- 
rated fatty acids they consist of. They main reactions are : 

l. Hydrolysis. When fats are heated with water or dilute 
acids under pressure, they are hydrolysed to give glycerol and free 
fatty acids. 

CH3/OOCR HIOH CH20H sai dia 
[ 
CH | OOCR’ +H|OH > CHOH + R'COOH 


£ 
CH | OOCR” HOH  CH:0H R’COOH 


fat or oil glycerol mixture of 
(mixed glyceride of fatty acids 
fatty acids) 


When fats are hydrolysed with alkali solutions (NaOH or 
KOH), the products are glycerol and the alkali salts of fatty acids 
(e.g., sodium stearate, sodium palmitate, etc.), called soaps. 


2. Hydrogenation. When a vegetable oil is heated with 
hydrogen under 2-5 atmospheres pressure at about 200°C in the 
presence of a catalyst of finely divided nickel, the unsaturated acid 
radicals take up the hydrogen by addition across their double bonds 
and change into co:responding saturated acid radicals. The melting 
point of the oil is raised by this change; i.e., an oil is converted into 
a fat. Thus, the glyceride of the unsaturated oleic acid, tríolein, 
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m.p.—17°C, is hydrogenated to the glyceride of the saturated stearic: 
acid, tristearin, m.p. 65°C. 


CHg.00C.C17H33 CH:.00C.Ci7Has 
| 200°C, Ni | 
CH.OQOC.Ci7He3 + 3H2a-——> CH.OOC.C47Ha5 
| 4-5 atm. pressure | 
CH2.00C.Ci7H33 CH3.00C.C3;Hss 
triolein (m.p.—17°C) tristearin (m.p. 65°C) 


The hydrogenation of oils is carried out on a large scale for 
the production of fats since the latter are more acceptable than oils 
for cooking and eatingand also for soap making. The extent of 
hydrogenation is carefully controlled so that the partially hydroge- 
nated fat at room temperature is about as soft a solid as lard. Fully 
saturated fats are all too hard to be useful as kitchen shortenings. 


3. Hydrogenolysis (complete reduction). If hydrogenation of 
an oil or a fat is carried in the presence of a catalyst of copper, the 
ester linkages in the glycerides are splitted. This produces glycerol, 
and long-chain alcohols by the reduction of the fatty acids. For 


instance, glyceryl tristearate yields glycerol and stearyl alcohol. 


CH3.00C.C37Hs5 CH30H 

lii copperchromite | 

CH.OOC.Ci7Hss5 + 6Hg ——————— CHOH + Ci7Hgs.CHs0H 
| pressure | 

CHe2.00C.Ci7Ha5 CHOH  stearyl alcoho} 
glyceryl tristearate glycerol (C4 Hg OH) 


4. Rancidification. Fats and oils tend to spoil on storage 
and become rancid. Rancidification of fats involves their hydro- 
lysis and oxidation by the moisture and oxygen in air. The hydro- 
lysis of the fat produces lower fatty acids while aldehydes are 
produced by the oxidation at the double bond. These products, 
even in traces, cause unpleasant cdour and taste. Pure fats can bc: 


stored without spoiling for long periods in air-tight containers. 


5. Drying. Some oils, such as linseed oil, consist of the esters 
of still more unsaturated acids than oleic, containing two or three 
double bonds in their molecules* Such oils, when applied to a surface: 
and left exposed to the air, form hard solid films. They are known 
as drying oils and are used for the preparation of oi] paints and 
varnishes. The change that occurs in the drying oils is believed to 
involve oxidation and polymerization at the double bonds in the 
unsaturated acid radicals. To make them dry more rapidly the oils 
are boiled in the presence of oxides of cobalt, manganese, or lead, | 
pau pum the chemical changes involved in the formation of 
the i 


* Examples of such acids are linoleic acid, CHp: COOH, and linolenic 
acid, CH H. Linseed oil is mainly composed of the "glycerídes of these 
iwo agids, 5 
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6-5. Uses. (1) In human diet. The combustion of 1 gram 
of fat produces about 9500 calories against 4400 calories from 
1 gram of protein and 3961 calories from 1 gram of cane sugar. 
Hence, the fats are the richest source of energy in foods, and 
account for up to half of the energy content ofthe human diet. 
Excess fats are stored in the body to be oxidized as needed at some 
future time. 


(2) In making soaps of all kinds, fatty acids, and glycerol. 
(3) In the manufactures of certain explosives and plastics. 
(4) As such in paints, varnishes, lubricants, cosmetics, etc. 


7. Soaps 


When fats and oils are boiled with aqueous sodium hydroxide, 
they are hydrolyzed or ‘saponified’ to give glycerol and the sodium 
salts of the acids contained inthgir glycerides. The sodium salts of 
higher fatty acids containing from 10 upward to as many as 26 
carbon atoms are called soaps. Since natural fats and oils are 
mixtures of mixed glycerides, their hydrolysis produces a mixture 
of sodium salts of various acids. However, most samples of soap 
have the largest percentage of three salts, viz., sodium stearate 
(CizHa5.COONa), sodium palmitate (Cy5Ha1.COONa), and sodium 
oleate (CizH33.COOH). Hence, soaps are usually, represented by the 
formulas of these salts. 


HjONa 

CH$s.O|OC.C17Ha5 CH30H Cy7HgsCOONa 
HjONa mo | + 

CH. O|OC.CisHa1 + 3NaOH wee nor + Cy5H31.COONa 
H|ONa 

CH2.0!0C.Ci7H33 CH2OH  Ci7H33.COONa 

animal fat or oil glycerol soap 


When the hydrolysis of the fat is completed, common salt is. 
added either as the solid or in concentrated solution. This causes the 
separation of the soap which rises to the surface as a granular curdy 
mass. The liquid mixture of glycerol and brine is drawn off from 
the bottom of the vat. The salt can be recovered and used again, 
and glycerol can be obtained by distillation under reduced pressure. 
The granular mass of soap is homogenized by boiling with hot 
water or by blowing in steam, run off into wooden moulds, and 
allowed to solidify. In the manufacture of toilet soaps, perfume 
and colouring matter is added before homogenizing the soap curds. 


In modern continuous process for soap-making, the fats are 
hydrolyzed into glycerol and free fatty acids, and the latter conver- 
ted into soaps by treatment with alkali, or used for other purposes. 
In one process, the fat is heated with water at high temperatures. 
and pressure in the presence of small amounts of lime or zinc oxide. 
In another process, the fat is heated with water at 100°C in the 
presence of about | per cent of naphthalene sulphuric acid (Twitchell 
reagent) which catalyzes the hydrolysis of glycerides. The fatty acids 
produced by these methods rise to the surface and are continuously 
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drawn out, while the fat is fed in at the same rate as shown in Fig. 
23-4. Glycerol mixed with water is continuously drawn off from the 
bottom. The fatty acids are pumped to another vessel where they 
are converted into soaps by treatment with sodium hydroxide or 
sodium carbonate solution. 


caustic soda 
fatty acids solution 


water 


fat 


hydrolyser 


to yiycerol 
recovery 


Fig. 23-4. Continuous process for soap-making. 


7-1, Kinds of soap. Two main kinds of soaps are : hard soaps 
and soft soaps. Hard soaps are made by saponifying fats with 
sodium hydroxide, and consist mainly of sodium stearate and 
sodium palmitate with almost no alcohol. These are used for 
laundering. Soft soaps are the potassium salts of mainly 
unsaturated fatty acids, or saturated fatty acids with 12 and 14 
carbon atoms. These are made by boiling cottonseed oil, coconut 
oil, palm oil, etc. with potassium hydroxide, and omitting the 
salting-out operation. The soft soaps, therefore retain the glycerol 
liberated during saponification. These are used for toilet purposes, 
In contrast to laundry soaps which usually have a water content of 
about 30 per cent, the toilet soaps have a low water content of 10 to 
15 per cent. Shaving soaps are potassium salts chiefly of palmitic 
and stearic acids, with additional amounts of glycerol (so that the 
lather would not rapidly dry up). Liquid soaps contain 70 to 85 per 
cent water, and are made by the saponification of coconut oil with 
potassium hydroxide. Floating soaps are made by beating tiny 
air bubbles into the soaps to make them less dense than water. 
Special additives are sometimes introduced into soap. Thus carbolic 
soap, which has a disinfectant action, contains about 0°5 per cent of 
phenol, tar soap, upto 5 per cent of birch tar, etc. 


7-2. Cleansing action of soap. Soap cleanses by emulsi- 
fying grease which holds the dirt to the fabric, thus loosening the 
dirt. The dislodged dirt is then absorbed on the colloidal particles 
of soaps, and carried away by the froth.’ 
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8. Waxes 


The animal and vegetable waxes are esters of higher fatty acids 
and long-chain monohydric alcohols, of the general formula R.COOR’. 
The hydrolysis of a wax gives an acid and an alcohol, each 
containing 16 to 31 carbon atoms. Often the natural wax 
contains, in addition to the ester, small amounts of the long-chain 
free acid and the long-chain alcohol. The acids and alcohols which 
occur most frequently in waxes include the following : 


Palmitic acid, C15H31.COOH Cetyl alcohol. HigHs30H 
Cerotic acid, C25H51. COOH Ceryl alcohol, CogHs30H 
Melissic acid, C39H¢1.COOH Myricyl alcohol, Cg: HggOH 


Like the fats and oils, waxes also yield soaps upon alkaline hydro- 
lysis; the other product, however, is a high molecular-weight alcohol 
and not glycerol. 


8-1, Beeswax. Beeswax consists largely of myricyl palmitate 
C5H31.COO.CgiHgs, and free cerotic acid. Tt is obtained from the 
honeycomb of the bee. The natural product, which is yellow, is 
bleached to the white wax for use in the manufacture of furniture, 
floor, and car polishes, in cosmetics, in lithographic inks, in water- 
proofing, and in certain pharmaceutical preparations. 


8-2. Carnauba wax, Carnauba wax is a vegetable wax which 
Occurs as a protective coating on the Jeaves of a species of Brazilian 
palm. It is composed largely of myricyl cerotate, CasH51-COOCa1 Hoa. 
Its uses are similar to those of beeswax. 


8-3. Spermaceti wax. This wax is obtained from the head 
cavity and blubber of the sperm whale, and consists chiefly of -— 
Palmitate, Cj5Hg1.COOCigHgs. It is used for pharmaceutical an 
‘cosmetic preparations. 


8.4, Differences hetween waxes and fats, These are : 

(1) The waxes are generally harder and less greasy than fats. 

(2) The anima! fats are esters of glycerol, a low moona 
weight trihydroxy alcohol; tbe waxes are esters of various hig 
molecular weight long-chain monohydroxy alcohols. 


(3) The fatty acids involved iù fats may be saturated or unsatu- 
rated, those involved in waxes are essentially saturated acids. 


Questions 


pu x. T 

1. (a) What t of compounds are called acid derivatives, in genera 
What are Mis main lasses of acid derivatives ? Write their class names and 
formulas, 
lei (b) How is acetyl chloride prepared in the laboratory? Draw a neat, 

belled sketch of the apparatus used. 

(c) How does acetyl chioride react with water, ethyl alcohol, ammonia, 
¢thylamine, aniline, add anhydrous sodium acetat- ? 

(d) List the uses of acetyl chloride. 

* 
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o 2. (a) How is acetic anhydride prepared in the laboratory ? On a large 
Scale 

(b) How does acetyl chloride react with water, ethyl alcohol, aniline, dry 
hydrogen chloride and phosphorus pentachloride ? 

(c) Give the main uses of acetic anhydride. 

3. (a) Describe the laboratory preparation of acetamide. Draw a neat, 
labelled sketch of the apparatus used. 


(b) Why does acetamide melt and boil at higher temperatures than will be 
expected for a compound with a molecular weight of only 59. 
(c) What happens when acetamide is— 
4. boiled with an alkali solution, 
ii. treated with bromine and sodium hydroxide, 
iii. treated with nitrous acid, 
iv. distilled with phosphorus pentoxide, 
v. catalytically reduced ? 
4. (a) What are esters? How do they differ from salts ? 
(6) How is ethyl acetate prepared in the laboratory ? 


(c) What are the products of the hydrolysis of ethyl acetate? What ions 
catalyse it ? 


(d) Explain ‘saponification’ with a suitable example. 


(e) What are the reactions of ethyl acetate with ammonia, phosphorts 
pentachloride, and lithium aluminium hydride ? 


(f) What is the main industrial application of ethyl acetate ? 


6. (a) What is the chemical nature of fats and oils, and what is the cause 
of difference in their physical state under ordinary conditions ? 


(b) Give examples of simple glycerides and mixed glycerides. 


(c) Give names of the chief products formed, and write the equations for 
what happens when— 


i. oils and fats are heated with a solution of caustic soda, 

ii, oils react with hydrogen in the presence of nickel at 250°C. 

(d) Why do fats and oils become rancid on storage ? 

7. (a) What is the chemical nature of soaps ? 

(b) Describe the modern continuous process for soap-making. 

(c) Explain the cleansing action of soaps. 

8. (a) What is the chemical nature of animal and vegetable waxes ? 


_ (b) Write the names and formulas of three acids and three alcohols which 
occur in waxes. 


(c) In what respects do waxes differ from fats ? 


oo 
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Polyhydric Alcohols 


Alcohols containing two or more hydroxyl groups attached to different 
carbon atoms in the molecule are called polyhydric alcohols. Often 
alcohols with two hydroxyl groups in the molaculeare called 
dihydric alcohols, e.g., ethylene glycol, CH,OH.CH,OH, and those 
with three hydroxyl groups are called trihydric alcohols, e.g., 
glycerol, CHLOH.CHOH.CH,OH. 

Like the monohydric alcohols (e.g., methyl alcohol and ethyl 
alcohol) studied earlier, the polyhydric alcohols are also derived 
from alkanes; of course, each — OH group is linked to a different 
carbon atom in the alkane molecule. For example, 


CH, (methane) CH,—CH, (ethane) CH,—CH,—CH, (propane) 


-Hl.ou —2H|+20H —3H | +308 

CH,OH CH,OH—CH,OH CH,OH—CHOH—CH,OH 
methy! alcohol ethylene glycol glycerol 
(monohydric) (dihydric) (trihydric) 


In general, the polyhydric alcohols possess the properties of the 
monohydric alcohols n times, where n is the number of hydroxyl 
groups in the molecule. As the value of n. increases, (a) the boiling 
point increases due to increasing molecular weight, (b) the solubility 
in water increases due to increased hydrogen bonding, and (c) 


sweetness increases. 


In this chapter we shall study the trihydric alcohol, glycerol, 


1. Glycerol, C;H;(OH); 
Glycerol, the only important trihydric alcohol, occurs naturally 
asits esters (glycerides) with certain higher aliphatic acids (e.g., 
Imitic, stearic, and oleic acids) in animal and vegetable oils and 
hu. It is also called trihydroxypropane. Its IUPAC name is 
1, 2, 3-propanetriol. 

Small quantities of glycerol (about 3%) are formed as a by- 
product in the alcoholic fermentation of sugar. The yield of glycerol 
can be substantially increased by the addition of sodium hydrogen 
sulphite to the fermenting solution. Even then, the yield of glycerol 
is not high enough for the process to be economically feasible under 


normal conditions. 
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2. Manufacture of Glycerol 


1. By the hydrolysis of oils and fats. Large quantities 
of glycerol are obtained as a by-product in the manufacture of soaps, 
the sodium salts of higher acids, by the hydrolvsis of oils and fats 
with sodium hydroxide solution (saponification). For example, 


CH3.00C.Ci7Hs5 CHOH 
CH.0OC.C;7Hss5 + 3NaOH — CHOH + 3CyH3;.COO^Na* 


| sodium stearate 
CH3.00C Ci7Ha5 CH20H (soap) 
glyceryl stearate glycerol 
(a constituent of lard) 
Sometimes, the oils and fats are hydrolysed with superheated 
steam under pressure when the products are free fatty acids and 
glycerol. For example, 


CHa.OOC.R CH30H R.COOH 
| + 
CH.OOC.R' + 3HOH -> CHOH + R'.COOH 
| superheated | + 
CHaOOC.R' steam under CHOH R^.COOH 
mixed glyceride pressure glycerol fatty acids 


ester (in oil or fat) 


2. By synthesis from propylene produced from crack. 

petroleum and natural gas. Propylene is reacted with 
chlorine at 500° when the main product is allyl chloride. The latter 
is treated with hypochlorous acid when two isomeric glycero! dichlo- 
rohydrins are formed. These isomers are treated with sodium 
hydroxide when they are hydrolysed to glycerol. 


CHs CHsCI CHCl CH«CI CH3OH 
| Cl, | NaOH | 

CH — = —— M and eee —— nod 
CH;OH CHC! CH:0H 


CHa 
propylene allyl chloride glycerol-1,2-  glycerol-i, 3- glycerol 
dichlorohydrin dichlorohydrin 
(70%) 30%) 


3. Physical Properties of Glycerol 


1. Glycerol is a colourless, odourless viscous liquid, which is 
very hygroscopic and has a sweetish taste. : 


2. It boils at 290*, often decomposing slightly. 


3. Anhydrous glycerol crystallizes (m.p. 18?C) when strongly 
cooled i 


4. It is miscible with water and ethanol in all proportions 
but almost insòluble in ether. 
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4. Reactions of Glycerol 


The chemical reactions of glycerol are essentially those expected 
of a trihydric alcohol. Thus, it reacts with sodium and forms mono-, 
di-, and tri-esters which are known as glycerides. Its important 
feactions are : 

1. With sodium, With sodium first one primary alcoholic 
group (— CH3OH) is attacked and then, on heating, the other one 
also, with the liberation of hydrogen. The secondary alcoholic group 
(> CHOH) is not attacked at all. 


CH30H CH20ONa CH30Na 
| Na Na | 
CHOH ———> CHOH ——- CHOH 
| -iH | —tH, 
CH20H CH30H CH30Na 
glycerol monosodium disodium 
glycerolate glycerolate 


2, With phosphorus pentachloride, Glycerol reacts, with 
phosphorus pentachloride to give glyceryl trichloride by the replace- 
ment of all three hydroxyl groups by chlorine atoms. 

CH20H CHCl 


| | 
CHOH + 3PClj > cae + 3POCIs + 3HCI 4 


CH20H CHeCl 
glycerol glyceryl trichloride 
3. With acids (estrification). Monocarboxylic acids react with 
One, two, or all three of the hydroxyl groups in each molecule 
of glycerol, giving esters called glycerides. Thus, with acetic acid 
as also with acetic anhydride) mono-, di-, and tri-acetates are 
Obtained, 


Weisner CH30.0C.CHs CH20.0C.CH3 
I | 
CHOH CHOH Ip em 
| | 
CH$;0H CH20.0C.CH3 CH20.0C.CHg 
Blyceryl monoacetate glyceryl diacetate glyceryl triacetate 


. , When glycerol is treated with a cold mixture of concentrated 
Nitric and sulphuric acids, it is converted into the ester glyceryl tri- 
nitrate, commonly known as nitroglycerine. 


CH20H CH2.0.NO2 

| Conc. HSO, | 

CHOH + 3HNO; — ——— PEON + 3H,0 
| o 

CH20H CHy3.0.NO2 

glycerol glyceryl trinitrate 


4. With oxalic acid. When glycerol is heated to 120°C with 
crystals of oxalic acid, the mono-oxalate ester formed undergoes de- 
Composition and hydrolysis yielding formic acid. In this reaction 
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glycerol is regenerated and it merely serves to bring about the de- 
composition of oxalic acid into formic acid. 


cH[H Holoc CH340.0C.COOH 
| — | 
CHOH * COOH CHOH 
| oxalic | 
CHOH Ei CH30H 
glycerol glyceryl mono-oxalate 
| 120°¢ 
Ih 
Fee CH30.0CH 
H,O | 
CHOH + H.COOH «-— CHOH + CO 
formic | 
CH30H acid CH,0H 
glocerol glyceryl! monoformate 


5. Oxidation, On oxidation glycerol yields a variety of product 
depending on the oxidizing agents and the conditions used. Either 
one or both of the —CH3OH groups may be oxidized to — CHO or 
—COOH groups, and the > CHOH group may also be oxidized to 
7 CO group. Some oxidation products are : 


CH40H 
COOH Bi(NO,), | Bromine water CHO CH:0H 
| «——— CHOH ———— | and 
c=0 | or, NaBrO CHOH C=O 
| CH:0H l | 
COOH glycerol CH30H CH340H 
mesoxalic acid l dil. HNO, glyceraldehyde pisaan 
mE: rade 
CH,0H and CHOH 
CH30H COOH 
glyceric acid tartronic acid 


6. Dehydration. When heated alone, or with a dehydrating 
agent such as phosphorus pentoxide or concentrated sulphuric acid, 
p loses two molecules of water to give acraldehyde, also called 
acrolein, 


H 
| 

H—C-fHo CH» CH: 
| —2H,0 Li rearrangement Lu 
C—H C 
| 
t OH 


OH|-C— — C —— : H 
[] 
zu CHOH CHO 
H (unstable acraldchyde 
structure) (acrolein) 
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5. Tests for Glycerol 
1. It is a colourless, viscous liquid, having a sweet taste, 


2. When heated with concentrated sulphuric acid, glycerol 
yields acraldehyde which has a pungent odour. ; 


3. When glycerol is added to 1 per cent borax solution ren- 
dered pink by the addition of a few drops of phenolphthalein, the 
pink colour disappears on warming but appears again on cooling, 


6. Uses of Glycerol 
Glycerol has found many wide-spread commercial applications. 


1. In pharmacy, it is usedin the manufacture of ointments, 
tooth-pastes, and cosmetics. 


i 2. In the tobacco industry, it is used as a humectant (moisten- 
ing agent) to maintain the moisture content of the finished product. 


.3. In the manufacture of alkyd resins*, which are important 
consituents of many modern varnishes and paints because they give 
a hard, glossy, protective finish. 


. „4. As a softening and moistening agent in copying ink and 
printing ink, typewriter ribbons, leather goods, etc. 


5. In the explosive industry, for the manufacture of nitro- 
glycerine explosives, e. g., dynamite, blasting gelatine, cordite, etc. 


6. As an anifreeze material in aqueous solution in car radiators 
and gas meters. 


7. As a hydraulic brake fluid 


6-1, Nitroglycerine explosives, Nitroglycerine is manufac- 
tured by adding glycerol ina thin stream to a mixture of concen- 
trated nitric acid and sulphuric acid, temperature being kept 10-15°C 
throughout. Glyceryl trinitrate, common name nitroglycerine** 
Separates as colourless, viscous liquid in the upper layer. 


in E NEA. 7 
*These are made by reaction with phthalic anhydride. 


, **The name nitroglycerine is erroneous since the compound does not 
contain a nitro (NO,) group directly attached through the N atom to a carbon 
atom. 


H 
| CH,—O—NO, 
H—C—NO, I 
| AARONO, 
H 
nitro-methane CH,—O—NO, 


glyceryl trinitrate 
(=“nitroglycerine”), 
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Glyceryl trinitrate is a powerful and treacherous explosive. 
In the pure form it is sensitive to heat or to a sharp blow. It is also 
used in the manufacture of the explosives given below : 


l. Dynamite. It is made by mixing glyceryl trinitrate with 
ammonium nitrate, sodium nitrate, and wood pulp. 


2. Blasting gelatine. It is made by soaking glyceryl trinitrate 
in cellulose nitrate (guncotton). 


3. Cordite. It is made by mixing glyceryl trinitrate with gun 
cotton and vaseline. It is used as a smokeless powder. 


Glyceryl trinitrate is used medicinally in the relief of the arterial 
spasms of angina pectoris. 


7. Structure of Glycerol 
1. The molecular formula of glycerol as deduced from its 
analytical data and molecular weight is CsHgO3. 


2. Its reactions with phosphorus pentachloride and acetic 
anhydride show the presence of three hydroxyl groups in the 
molecule. 


3. Since it is a very stable compound, all the three hydroxyl 
groups must be attached to different carbon atoms. This gives the 
structural formula. 


CH30H — CHOH — CH30H 


4. The above structure is confirmed by its synthesis from 
prophylene, described on page 68. 


Questions 
1. (a) What are polyhydric alcohols, 
(b) Write the name and structural formulae of two polyhydric alcohols. 


2. How is glycerol obtained from oils and fats? Give two reactions of 
glycerol with balanced chemical equations. 


3. Give the various reaction involved in the synthesis of glycerol from 
propylene. 


4. (a) Give the IPUAC name of glycerol. 
(4) How does glycerol react with— 
(i) phosphorus pentachloride, 

(it) oxalic acid, and 

(iii) phosphorus pentoxide ? 
(c) List the main uses of glycerol. 

5. (a) How is glyceryl trinitrate made ? 
(b) Name three explosives made from glyceryl trinitrate. 


(c) Why is it wrong to name glyceryl trinitrate as nitroglycerine ? 
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Key 
1. (b) y T 
uo E E MR 
rian jT Pale 
H H—C—O—H 
ethylene glycol | 
H 
glycerol 
o 
5. (c) Nitro compounds have a nitro group, EM , directly linked 
oO 


through the N atom to a carbon atom in the molecule. In glyceryl trinitrate, the 
nro groups arelinked to the carbon atoms through oxygen atoms as shown 
elow : 


H 
H—C—0—NO, 
HC —0—NO, 
H—C—0—NO, 


| 
H 


[RU 
ü 
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Aliphatic Nitrogen Compounds 


(Ethylamine, Urea, and Glycine) 


This chapter deals with three important aliphatic nitrogen com- 
pounds : ethylamine, urea (or, carbamide), and glycine (or amino- 
acetic acid). 


Ethylamine. C,H,,NH; belongs to the class of aliphatic primary 
‘amines which form a homologous series with the general formula 


CnHyn+1-NH,. Their functional group is EX , called the 
H 


amino group, which determines their chemical behaviour, the alkyl 
radicals (CnHan417) being relatively inert. 


Primary amines themselves belong to a larger group, viz. the 
aliphatic amines. These may be regarded as derivatives of ammonia, 
in which one, two, or three of the hydrogen atoms are replaced by 
alkyl radicals. If one hydrogen atom in ammonia is replaced by 
an aikyl radical the product is classed as a primary amine; replace- 
ment of two and three hydrogen atoms by alkyl groups gives 
secondary and tertiary amines respectively.* 


R 
LH | | 
NH; R—NZ R—N—H R—N—R 
Na 
ammonia primary secondary tertiary 
' amine amine amine 


NH, 
Urea, o-c ‘belongs to the class of acid amides, one mem- 
NH, 


ber of which, viz., acetamide has already been studied. 


Glycine, NH,.CH,COOH, also ‘called aminoacetic acid, is a 
typical amino-acid. Amino-acids are compounds whose molecules 
contain both an amino group, —NH,, and a carboxyl group, 


. *The terms primary, secondary, and tertiary refer to the condition of 
nitrogen atom in the amines, and to the condition of carbon atom in alkyl halides 
and alcohols. 
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—COOH. The structures of other amino acids may be represeuted 
by the formula 


NH,—CH—COOH 


where R is an alkyl radical. These may be regarded as carboxylic 
acids in whose molecules a hydrogen atom in the alkyl radical has 
been replaced by an amino group. Aminoacids are of great bio- 
chemical importance because from them are made all the complex 
protein molecules without which life is impossible. 


1, Ethylamine, C;H;. NH: 


1-1. Preparation, Ethylamine can be prepared by following 
methods : 

l. By heating ethyl jodide to 100°C in a sealed tube with a 
large excess of an alcoholic solution of ammonia. Ethylamine is 
formed as its hydroiodide. 

CH; + NH; > CoH5.NHa HI 
ethyl iodide ammonia ethylamine hyJroiodide 

This method is not a good one because further reaction usually 
occurs giving secondary and tertiary amines as well. 

CoH;.NHo + CoHsl —> (CoHs)2NH + HI 
ethylamine ethyl iodide diethylamins 
(CsH5)2NH + CeHsl — (CeH;&N + HI 
diethylamine ethyl iodide — triethylamine 

2. By passing a mixture of ethyl alcohol vapour and excess 
ammonia over alumina heated to 350°C. 

CeHgOH + NH3 — CoH5.NHo + Hod 
ethy! alcohol ethylamine 
. This method, too, yields a mixture of ethylamine, diethyl- 
amine, and triethylamine which have to be separated. 
3. By reducing acetamide with lithium aluminium hydride. 


LiAIH, 
CH3.CONHe + 4[H] ——— > CHs,CHa NH» + H:O 
acetamide ethylamine 
4. By reducing methyl cyanide with alcohol and metallic 
Sodium or with lithium aluminium hydride. 
Na/alc. 


CH&CN +. 4[H] ——- > CH3.CHe.NH2 

methyl cyanide ethylamine 

5. By the interaction of ethv!magnesium chloride (Grignard 
reagent) and chloramine. 

CoHs.MgCl + CLNH? > CoHs. NH? + MegCle 

ethyl mag, chloride chloramine — ethylamine 

6. By the action of bromine and caustic potash on propiona- 
mide ( Hoffmann's degradation reaction). 
C2Hs.CONH2+Bro+4KOH > CoHs.NHa -2KBr-- KaCOg--2H30 


propionamide ethylamine 
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7. By reducing nitroethane with zinc and hydrochloric acid 
or by passing its vapour mixed with hydrogen over finely divided 
nickel at 150°C. 


CyH5.NOz + 6[H] — CoH5. NH» + 2H20 
This method is unimportant as nitroalkanes are not easily prepared. 
2. Laboratory Preparation of Ethylamine 


Ethylamine is most conveniently prepared in the laboratory 
from propionamide by Hoffmann's degradation reaction, so called 
because the resulting amine contains one carbon atom less than the 
amide. The reaction proceeds in three steps : 


1, Bromopropionamide is formed by substitution when bro- 
mine acts on propionamide. 
CoHs.CONH2 + Bro > CoH5.CONHBr + HBr 
propionamide bromopropionamide 
2. The bromo derivative, when warmed with concentrated 
alkali to 70°C, loses hydrogen bromide and undergoes an internal 
rearrangement to ethyl isocyanate. 
C2H3.CONHBr + KOH — C3Hs.NCO + KBr + HzO 


bromopropionamide ethyl isocyanate 


3. The isocyanate is then hydrolyzed by the hot alkali to give 
ethylamine. 


C2H5.NCO + 2KOH > CoHs.NHet + KaCOs 
ethyl isocyanate ethylamine 


Procedure, Equivalent amounts 
of bromine and propionamide are 
cautiously mixed in a flask, A 10 per 
cent solution of caustic potash is 
slowly added until the colour of the 
bromine disappears. The mixture 
now contains bromopropionamide. 
To this is added an axcess of a con- 
centrated aqueous solution of caustic 
potash. The contents of the flask 
are distilled on a water bath at 60°- 
70°C, and the ethylamine that distils 
over is absorbed in dilute hydro- 
chloric acid (Fig. 23-1). The solution 
of ethylamine hydrochloride is eva- 
porated to dryness on a water both to 
obtain it as a solid. If required, 
solid ethylamine hydrochloride is 
distilled with an alkali to obtain free 


caustic potash 
Solution 


ethylamine 


1 Fig. 23-1. Preparation of ethyla- 
ethylamine. se from propionamide. 
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3. Manufacture of Ethylamine 


.. Ethylamine is prepared on a large scale by heating ethylene 
With excess of ammonia under pressure at 400°C in the presence of 
a cobalt catalyst. 


Co, 400°C 
CHe=CHe + HNH; —— ———. CH3.CH2.NH3 
ethylene ammonia ethylamine 


4. Physical Properties of Ethylamine 
1. Ethylamine is a colourless substance, smelling like ammonia. 
2. It boils at 17°C. 
3. It is highly soluble in water and in organic solvents. 

5. Reactions of Ethylamine 


1. As a base. Owing to the presence of the lone pair of 
electrons on the nitrogen atom (as in ammonia molecule), 


1 i 
| 
H—N: (ammonia) xr (ethylamine) 
I 
H H 


ethylamine can accept a proton and form an ion resembling the 
ammonium ion. As such, ethylamine reacts with water forming 
ethylammonium hydroxide which ionizes to give hydroxyl ion in 
solution, 


C2H5.NHa + H0 = CeH5.NH30H = CoHs.NHs* + OH- 
ethylamine ethylammonium 
hydroxide 


(compare with NH3 + H20 @ NH40H = NH4* + OH”) 


Its aqueous solution is therefore alkaline, turns blue litmus red, 
and precipitates insoluble metallic hydroxide (e.g., ferric hydroxide 
from ferric chloride solution). 


(i) Being weakly basic, ethylamine readily forms salts with 
strong acids, e.g., ethylamine hydrochloride with hydrochloric acid. 
CoH5.NHe + HCl > [CgH5.NH3]*Cl-_ 
ethylamine ethylamine hydrochloride 
This salt is also formulated as C2H5 NHs.HCI or CoHs. NHsCI. 
The salts of ethylamine are colourless crystalline compounds, readily 


Soluble in water. When these are heated with alkalis, ethylamine 
is set free. 


4 
C2H5.NH3Cl + NaOH ——> C3Hs.NH» + NaCl + H20 


(ii) Ethylamine combines with chloroplatinic acid, HaPtCle, 
forming sparingly soluble ethylamine chloroplatinate, (CoHs.NHa)s. 
PtClg. The latter, when ignited, leaves a residue of pure platinum. 
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2. Alkylation. When an alcoholic solution of ethylamine is 
heated with an alky! halide in a sealed tube, the hydrogen atoms of 
the ammonia residue (ie. the —NHg group) are successively re- 
placed. by alkyl] groups. Thus ethylamine reacts with ethyl iodide 
to give the following products : 2 


C2H5.NHe + C2Hsl —> (CoH5)2NH.HL 
diethylamine hydroiodide 


(C2H35)gNH.HI + CoHsl — (CoHg)gN.HI + HI 


triethylamine hydroiodide 


(C2H5) N.H1 + CaHal —* (C2H5) NI + HI 
tetraethylammonium iodide 
3, Acetylation. Ethylamine is readily acetylated by acetyl 
chloride and acetic anhydride in the cold to give ethy! acetamide. 
C3Hs. NHg + CH3.COCI > CoHs5.NH.COCHs + HC! f 


etbylamine ethyl acetamide 


4. Benzoylation. Ethylamiae reacts with benzoyl chloride in 
the presence of an alkali solution to give ethyl benzamide. 


alk. 
CaH5.NH2 + CeHs.COCi — CoHs.NH.CO.CgHs + HCl 


ethylamine benzoylchloride ethyl benzamide 

5. With nitrous acid. When ethylamine is treated with nitrous 
acid (i.e., an acidified solution of sodium nitrite), its —NHa group 
is replaced by — OH group, yielding ethyl alcohol. 


p + HNO2 > C2HsOH + H20 + No f 
OH 'N|O 


6. Isocyanide reaction, When ethylamine is warmed with 
chloroform and alcoholic caustic potash solution, ethyl isocyanide is 
formed which is easily recognized by its very persistent and extre- 
mely offensive odour. 


C3Hs. NH; + CHCls + 3KOH — C;H&NC + 3KCI + 3H30: 
ethylamine chloroform ethyl isocyanide 


This reaction serves as a very delicate test for a primary amine (both 
aliphatic and aromatic). 


7. With sodium. When heated with sodium, ethylamine yields: 
a monosodium derivative. 


A 
2C2H5.NH2 + 2Na ——> 2C2H5NH.Na + Ha t 


6, Comparison Between Ethylamine and Ammonia 
6-1, Points of similarity. These may be summarized 88 
follows : 


i. Action with water. Both dissolve, and give OH- ion im- 


solution. 
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il. Action with ferric chloride solution. Both give a reddish- 
brown precipitate of Fe(OH)s. 

iii. Action with copper sulphaie solution. Both give a deep 
blue solution containing the complex ions [Cu(NH3)J?* and 
[Cu(C; Hs. NHa2)4]?*. respectively. 

iv. Salt formation. Both form salts with acids, e.g., NH4CI 
and CeH;.NHaCl; (NHa)2SOq aud (C2H5.NH3)2SO4; both give 
white fumes with HCl. 

v. Alkylation. Both react with ethyl halides to give a mixture 
of primary, secondry, and tertiary amines, and a quaternary 
compound. 2 

vi. Acetylation. Both react with acetyl chloride and acetic 
anhydride; ammonia gives acetamide, ethylamine gives ethyl aceta- 
mide. 

vii. Action with sodium. Both react with sodium yielding 
similar sodium derivatives. 

2CoH5.NHg + 2Na > 2C2H5.NHNa + Ha 
2NHs + 2Na > 2NaNH; + Fe 

6-2, Points of difference, These are : 

i. Action with nitrous acid. Ethylamine gives ethyl alcohol, 
water and nitrogen; ammonia gives only water and nitrogen. 

CoHs.NHe + HNO» — C;H5OH + H20 + Not 
NH3 + HNO2 > NH4NO» — 2H30 + Na f 


ii. Isocyanide reaction. This reaction is given by ethylamine 
but not by ammonia. 


7. Urea, Carbamide, NH;.CO.NH; 


. OH 
Urea is a derivative of carbonic acid, o=c , in which 


both hydroxyl groups have been replaced by amino groups. Thus 
NH 


NHe 
which is why it is sometimes called carbamide. It is the nitrogenous 
end product of protein metabolism, and the adult human excretes 
about 30g of it a day in the urine. Urea has a great historical 
significance as the first ever organic compound synthesized in the 
laboratory (Wohler, 1828). 

7-1. Preparation of urea. The various methods are : 

1, From urine. On adding nitric acid to urine concentrated 
by evaporation to a small bulk, the sparingly soluble urea nitrate is 
precipitated. It is separated and treated with barium carbonate. 
to liberate urea, which is extracted with alcohol. 


2CO(NH3)s.HNOs-- BaCO3-+2CO(NH»)2+ Ba(NOs)o+H,0 -- COs. 


it is a diamide of carbonic acid with the structure, o=c¢ 
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2. By the interaction of ammonia and carbonyl chloride, COCls, 
or ethyl carbonate, (C2Hs5)2CO3. 


NH{H_ + CICO|Cl + H|NHe > NH2.CO.NH2 + 2HCI 


ammonia carbonyl ammonia urea 
chloride 
NH3[H-- C:HsO|.CO.|OCeHs--H|NHo NHeCO.NHg -2C:HgOH 
ammonia ethyl carbonate ammonia urea ethyl alcohol 


3. From ammoninm cyanate (Laboratory preparation), 
Ammonium sulphate and potassium cyanate are dissolved in 
equimolecular proportions in water, and the solution evaporated to 
dryness. Ammonium cyanate formed by double decomposition 
undergoes an isomeric change into urea. 

(NH4)SO4 + 2KNCO = 2NH4.NCO + KeSO4 

ammonium sulphate pot. cyanate am. cyanate 


NH4.NCO = NH».CO.NHo 


Although theoretically reversible, these changes proceed continuously 
to the right because urea crystallizes out as the solution is evaporated 
and is removed from the equilibrium. The solid residue consists, 
therefore, of urea and potassium sulphate. The urea is extracted 
from this mixture with hot absolute alcohol in which potassium 
sulphate is insoluble. The alcoholic solution deposits urea on 
cooling. 

3. By the interaction of carbon dioxide and ammonia (Manu- 
facture). A mixture of dry ammonia and carbon dioxide (3:1)is 
heated to 150° C under about 200 atmosphers pressure. Ammonium 
carbamate is first formed which loses water and changes to urea. 


150° C NH, —H4,0 

COs-- NH3 —  NH».COOH —- NHs.COONH4— —NH2.CO.NHa 
200 unstable car- ammonium urea 
atm, bamic acid carbamate 


The reaction is conducted in steel reactors of the column type. 
Ammonium carbamate, if heated in the open, dissociates into 
ammonia and carbon dioxide. 


8. Physical Properties of Urea 

1. Urea isa colourless and odourless solid, m.p. "132°C, ME 
is somewhat hygroscopic. 

2. It dissolves freely in water and in hot alcohol, but is insoluble 
in ether or benzene. 
9, Reactions of Urea 


1. Hydrolysis. Urea is rapidly hydrolyzed into ammonia and 
carbon dioxide when boiled with solutions of acids or alkalis, or 
when heated with steam under pressure. 

NHz.CO.NH2 + H2O > 2NHg + CO» 


NHs.CO.NH» + 2NaOH — 2NH3 + NasCOs 
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When treated with urease, an enzyme found in soyabeans, urea is 
rapidly hydrolyzed to ammonium carbonate, (NH4)2COs. 


NH2.CO.NH?» + 2H20 > (NH4):COs 


This reaction, being quantitative, is used for estimating urea in 
solution. 


The decomposition of urea, with the evolution of ammonia, 
also occurs in. the ‘ammoniacal fermentation’ of urine under the 
influence of micro-organisms. 


2. Salt-formation. Owing to its amino groups, urea displays 
the properties of a weak base, and forms salts with acids. For 
example, it forms urea nitrate. [NHa.CO.NH3].HNOs, with nitric 
acid and urea oxalate, [NHa.CO.NHele.(COOH)s.2H20, with oxalic 
acid. These salts are only sparingly soluble in water and appear as 
white crystalline precipitates when concentrated solutions are mixed. 


The aqueous solution of urea, however, is neutral to litmus. 


3. Action of heat. When slowly heated urea first melts to à 
clear liquid and then two molecules of it eive offa molecule of 
ammonia to give biuret. 


^ 
NH3.CO.f/NHg4-H]NH.CO.NHa— — NHo.CO.NH.CO.NH. --NHs 1 
a CO(N +A] a—-+NHs.CO.NH.CO.NHs 


urea biure! 


The solution of biuret in dilute sodium hydroxide solution gives & 
violet-pink colour with one drop of very dilute (195) copper sulphate 
solution. This reaction, called biuret reaction, is given by all com- 
pounds containing the ~ CO.NH— group. 


4. With nitrous acid. Urea reacts with nitrous acid (ie. 
acidified sodium nitrite solution) to give nitrogen, carbon dioxide, and 
water. In this reaction the two amino groups of urea are replaced 
by two hydroxyl groups to form carbonic acid, which at once 
decomposes into carbon dioxide and water. 


OIN| OHI 
HjN.CO 
HO 


deu + 2HNO; ——> HCO; + 2Ns + 2H2O 
NIO H0 + CO, 


Or, NH2.CO.NH2 + 2HNO» > 2Net + CO» 1 + 3H20 


5. With sodium hypochlorite or hypobromite. When urea is 
treated with excess of alkaline sodium hypochlorite (or hypobro- 
mite), nitrogen is evolved in the reaction : 


NHa.CO.NHg--3NaCCI -2NaOH-* Ng 1 + NagCO3+3NaCl+3H20 


The yield of nitrogen is slightly less than would be expected from 
the equation. However, this reaction is used for the rough estima- 
tion of urea (in urine, for example) by measuring the volume of 
nitrogen evolved. 
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6, Acetylation. Urea reacts with acetyl chloride and acetic 
anhydride to give acetyl urea. 


CHs.CO|CI + H|NH.CO.NH; > CH3.CO.NH.CO.NH2 + HCl 


acetyl chloride urea acetyl urea 


7. With hydrazine. Urea reacts with hydrazine, NHg. NH», to 
give semicarbazide. 


NHz.CO.[NHo + H|NH.NHs — NH3.CO.NH.NHe + NHs f 


urea hydrazine semicarbzaide 


10, Tests for Urea 


1, When urea is heated alone or with sodium hydroxide 
solution, ammonia is evolved. 


2. When treated with acidified sodium nitrite solution or with 
bromine water and caustic soda (this gives sodium hypobromite, 
NaBrO) urea gives off nitrogen in cold. 


3. Biuret reaction also serves as a test for urea. Urea is gently 
heated until ammonia is no longer evolved. The solid residue is 
cooled, dissolved in sodium hydroxide solution to which is added 
one drop of 1% copper sulphate solution. A violet-pink colour is 
produced. 


4. When a concentrated solution of urea is treated with con- 
centrated nitric acid or a concentrated solution of oxalic acid, a 
crystalline precipitate of urea nitrate or urea oxalate is formed. 


11. Uses of Urea 


l. In farming. Urea is extensively used in farming as a nitro- 
genous fertilizer. lis nitrogen content (47%) is much higher than that 
of other fertilizers, e.g., ammonium sulphate, etc, Besides it is less 
hygroscopic, is easily dispersed, and does not make soils acidic. In 
the Soil it is first converted by some soil bacteria into NHa and then 
to nitrates which are assimilated by plants. 

2. As a constituent of cattle foods. Urea, to the extent of up 
to 33 per cent, is added to the normal protein feed of cattle and 
sheep. The digestive tracts of these animals have bacteria which 
convert the nitrogen of urea into proteins that can be assimilated by 
the organism. The addition of urea to the feed of cows increases the 
milk, while in the case of calves and sheep it considerably increases 
their weight. 


3. In chemical industry. Large quantities of urea are used for 
making urea-formaldehyde plastics. These plastics are needed for 
plastic mouldings, and for imparting crease resistance to textiles, 
and also serye as adhesives in plywood and laminated plastics. 


4, In pharmaceutical industry. Urea is used for making various 
hypnotics or sleep-inducing drugs, e.g., veronal. 
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12. Glycine, Aminoacetic Acid, NH:.CH, COOH 


Glycine is the simplest of all amino acids. It occurs combined 
in bile acids and in many proteins. It represents nearly one-third of 
silk and one-tenth of wool. 


12-1, Preparation. Glycine can be prepared by the following 
methods : 


1. By the interaction of chloroacetic acid and ammonia. 
Chloroacetic acid is slowly added to a large excess of a concentrated 
solution of ammonia at room temperature. The chlorine atom in the 
acid is replaced by NHg group forming glycine, which combines with 
excess ammonia to form ammonium aminoac*tate. 


Cl.CH3.COOH + 3NH3 + NHa.CH2.COONH4 + NH4CI 


chloracetic acid ammonium aminoacetate 


The reaction mixture is boiled with freshly precipitated copper 
hydroxide, and the slightly soluble cupric aminoacetate separated by 
fractional crystallization. 


4 
2NH2.CH2.COONH4+Cu(OH), ——> (NH2.CH9.COO),:Cu + 2H20 
ammonium aminoacetate cupric aminoacetate 


+ 2NHst 


The crystals of cupric aminoacetate are dissolved in water and 
treated with hydrogen sulphide when free aminoacetic acid (glycine) 
is formed in solution and copper sulphide is precipitated. The latter 
is filtered off and the filtrate concentrated until glycine crystallizes 
out on cooling. 


(NHs.CHs.COO)sCu + HS > 2NH2.CH}COOH + CuS + 

2. Gabriel's phthalimide synthesis. Phthalimide is treated with 
caustic potash when it is converted into potassiophthalimide. The 
latter is heated with chloroacetic acid and the product hydrolysed by 


heating with 20 per cent hydrochloric acid under pressure to phthalic 
acid and glycine. 


co -Kci “CO 
N[K + C]—CHs.COOH N.CHy.COOH 
o Gx, 


potassiophthalimide 
HCI (hydrolysis) 
+2HOH 


COOH 
+ CH(NH$).COOH 
OOH glycine 


phthalic acid 
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13. Physical Properties of Glycine 


l. Glycine is colourless, crystalline substance, p.m. 233°C (with 
decomposition). 


2. It is readily soluble in water but relatively insoluble in 
organic solvents such as alcohol and ether. 


3. It has a sweet taste for which reason it was called glycocoll 
(glykyl, sweet; kolla glue). 

4. It gives a deep red coloration with ferric chloride. 
14. Reactions of Glycine 


1, Reactions of the amino group. These are : 


(I) Salts with acids. Glycine forms salts with acids, e.g., glycine 
hydrochloride with hydrochloric acid. 


HeN.CHs.COOH + HCI > [HaN.CHs.COOH]*CI- 


glycine glycine hydrochloride 


Such salts dissolve in water to give solutions whose pH values are 
higher than those of the glycine solutions. This is because the 
basicity of the amino group has been neutralized, making the acidic 
character of the carboxyl group quite pronounced, 


(ii) With nitrous acid. The primary amino group in glycine 
reacts with nitrous acid in the usual manner, being replaced by 


pr group with evolution of nitrogen, The product is glycollic 
acid. 


NiO |OH 
NIHz.CHs.COOH + HNO2 — HO.CH2.COOH + H20 + Ne f 
glycine nitrous acid glycollic acid 


(iii) Acetylation. When glycine is heated with acetyl chloride or 


acetic anhydride, the amino group is acetylated in the usual manner 
forming acetylglycine. 


— AA ^ 
CH;.CO[CI + H NH.CHs.COOH > CHs.CO.NH.CHs.COOH 4- HCl $ 


acetyl chloride glycine acetylglycine 


A 
(CH3CO)o + HaN.CH;.COOH + CH3.CO.NH.CHe.COOH 
acetic ankydride glycine acetylglycine 


+CH3.COOH 


acetic acid 


(iv) Benzoylation. Benzoyl chloride and glycine react to 
give benzoylglycine. This compound is known as “hippuric acid,” 
since it is present in considerable quantities in the urine of the 
horse (Gr. hippos, horse). 


CcHs.COCI--HNH.CHs.COOH — CsH;.CO.NH.CH», COOH 4-HCI 
nzoyl chloride glycine benzoylglycine 
(hippuric acid) 
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2, Reactions of the carboxyl group. These are : 


(i) Salts with bases, Glycine forms salts with bases. 
NHs.CH4.COOH + NaOH - NH2.CHg COONa+H20 
It reacts with copper to give deep blue copper glycine or copper 
aminoacetate. 
2NH2.CHg.COOH + CuCO; — (NHs.CHs COO),Cu +H20 + COs t 
glycine copper glycine 
(ii) Decarboxylation. When heated in an unreactive solvent 
or when boiled with barium hydroxide solution, glycine loses carbon 
dioxide yielding methylamine, CHg.NHe. 


^ 
NHa.CHs.COOH ——> CHg.NHg + COs t 
NHa.CHs.COOH + Ba(OH)s ——> CHs.NHs + BaCOs | +H20 


(iit) Esters with alcohols. Glycine is esterified by boiling with 
alcohol in the presence of hydrogen chloride. 


HCI 
NHs.CHs.COlOH + H|OC2H5 -—> NH2. CH2.COOC2H5 + H0 
aminoacețic acid ethyl alcohol ethyl aminoacetate 

In fact, the hydrochloride of the ester is first formed from which the free ester 
is liberated by treatment with AgOH. 

NH,.CH,.COOC,H,.HC} + AgOH + NH,.CH,.COOC,H, + AgCI} + H,O 

(iv) Amide formation. The ethyl ester of glycine reacts with 

ammonia to give glycine amide. 

NHa.CH3.COOC2H; + NH3 > NHa.CHs.CO. NH + CgHs0H 


ethyl ester of glycine glycine amide ethyl aicoho! 
3. Interaction of amino and carboxyl groups 


(i) Formation of zwitter ion. Glycine has melting point which 
is much higher than its molecular size would indicate (eg, chloro- 
acetic melts at 63°C, glycine at 233°C with decomposition). It is 
readily soluble in water, but relatively insoluble in organic solvents. 
These properties corresponding to inorganic 1oule compounds rather 
than organic compounds are due to the fact that glycine Is capable 
of existing in ionic sali-like form also cailed dipolar ion or zwitter 
ion. This becomes possible because the carboxyl group has a 
tendency to lose a proton (acidic character) and the amino group to 
accept a proton (basic character). The imer salt or zwitjer fon is 
formed owing to the ionization of the —COOH group to the ions 
—COO- and H*, and the migration of the H* to the —NHs group 


which changes to the charged —NHs group. 


NHs.CHg.COOH = NHa.CHa.COO" 


In water solution both of these forms exist in equilibrium with the 
zwitter ion form predominating. 
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(ii) Isoelectric point. The zwitter ion may either lose or gain 
a proton, thus acting as an acid or as a base. In water solution the 
zwitter ion of glycine tends to lose a proton; hence, the negative 
glycine ion migrates to the anode when the solution is electrolyzed. 

+NH3.CH2.COO- + H20 = [NH2,CH2.COO] + H3O* 

zwitter ion negative glycine ion 
(to the anode) 
When hydrochloric acid, or other mineral acid is added, the zwitter 
ion is converted into a positive ion which migrates to the cathode 
during electrolysis. 
*NH;.CH2.COO^ + H30* = [NH3.CH».COOH]* + H20 
zwitter ion possitive glycine ion 
(to the cathode) 

Apparently, glycine will form either an anion or cation, depending 
upon the pH of the solution. At the pH value 6'0, glycine has 
equal tendencies to form either of these ions; hence its net charge is 
zero, and the ion does not move in either direction. This pH value 
is known as the isoelectric point of glycine. Every amino acid, in 
fact, has a definite isoelectric point, and for monoamino mono- 
carboxylic acids, MR gg this value is approximately 6. 


R 


(iii) Effect of heat. When glycine is heated, it loses water 
and forms a cyclic diamide, known asa diketopiperazine. 


CH«NH[H HO]CO , CH»NH CO 
| i + 220 


| 
CO[OH -H|NH.CHe * CO. NH.CH» 


glycine glycine diketopiperazine 


15. Uses of Glycine 


. Glycine funds use in photography, in the manufacture of 
resins and varnishes, and in preparing certain drugs. 


Questions 


1, (a) Give three reactions for the preparation of aliphatic primary amines. 


(b) Describe the prey i ine i Hoffmann’s 
degradation reaction. preparation af ethylamine in the laboratory by 


(c) Why does ethylamine act as a base ? Give three reactions to illustrate 
the basic character of ethylamine. 

2. What happens when ethylamine is— 

(a) heated with an alkyl halide in alcoholic solution in a sealed tube, 

(5) treated with acetyl chloride or acetic anhydride, 

(c) treated with benzoyl chloride and alkali solution, 

(d) treated with sodium nitrite and dilute hydrochloric acid. 

(e) heated with chloroform and alc. KOH, 

(f) heated with sodium metal ? 
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3. Compare and contrast the properties of ethylamine and ammonia. 


. 4. (a) Why is urea described as the diamide of carbonic acid? What is 
the historical importance of this compound in the realm of organic chemistry ? 


(b) Describe the laboratory preparation of urea from ammonium cyanate. 
(c) Describe the manufacture of urea from ammonia and carbon dioxide. 

(d) How would you establish that urea has the properties of a weak base? 
5. (a) Describe the reactions of urea under the following headings : 


(i) hydrolysis (iv) with sodium hypochlorite 
(ii) action of heat (v) acetylation 
(ii) with nitrous acid (vi) with hydrazine. 
(b) Which of the above reaction is commonly employed as a test for urea ? 
(c) List the main uses of urea. 


6. (a) What is the chemical name for glycine? How is it prepared by 
Gabriel’s phthalimide reaction ? 


(b) Give the reactions of glycine pertaining to (/) the —NH, group and 
(ii) the —COOH group. 


(c) What happens when glycine is heated ? 
7. Write explanatory notes on : 
(i) Zwitter ion 

(ii) Isoelectric point 

(iii) Biuret test. 


na 
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Optical Isomerism 


Isomerism refers to the existence of two or more chemical com- 
pounds having the same molecular formula but a different 
arrangement of atoms within the molecule of each one. There are 
two main types of isomerism, structural isomerism and stereo- 
isomerism. In structural isomerism (I.S.C. Chemistry Vol. I, 
page 3.37), the isomers have atoms linked in different ways; in 
Stereoisomerism, the same atoms are linked together in the same 
way but are arranged differently in space. 


Stereoisomerism is mainly of two kinds : Cis-trans or geometrical 
isomerism which is shown by certain organic compounds con- 
taining double bond*, and optical isomerism which occurs in 
compounds with asyinmetric carbon atoms. Unlike the geometrical 
isomers which differ in physical properties, chemical properties, 
and stability, the optical isomers have physical E chemical 
Properties which are alike; they differ in the phenomenon known 
as optical activity and in their physiological activity, 


1. Optical Isomerism 


The phenomenon of a chemical compound existing in two 
different forms having opposite effect on polarized light is called 
' optical isomerism, whrie the different forms are called optical 
isomers or enantiomorphs, The optical isomers are very similar 
in ordinary physical and chemical properties but usually differ 
markedly in biological behaviour. 


1-1, What is plane polarized light ? Ordinary white light 
consists of electromagnetic. radiations of diferent wavelengths 
vibrating in a number of planes. When it is passed through a suitable 


$s 
*Two examples of such compounds, i.e., geometrical isomers are : 


H—C—COOH e H—C—COOH 
Li án li 
H—C—COOH HOOC—C—H 
maleic acid fumaric acid 
m.p. 130°C, sp. gr. 1.59 m.p. 287°C, sp. gr. 1.64 


(88) 
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filter, the outcoming light is of a single wavelength and is called 
monochromatic light. Monochromatic light, too, vibrates in all 
possible planes perpendicular to the direction of the light path 
(Fig. 26-1). Plane polarized light refers to light waves which are 
vibrating in only one plane, say vertically up and down (Fig. 26-2). It 
is obtained by passing monochromatic light through a Nicol prism 
(so named after the inventor William Niccl) made by cementing 
together two prisms of calcite* with Canada balsam. 


Fig. 26-1. Ordinary light. Fig. 26-2. Plane polarized light. 


When monochromatic light enters the Nicol prism, it is split 
up into two rays, each vibrating in one plane only. One of these 
rays undergoes total interna! reflection, while the other one is trans- 
mitted straight as plane-polarized light (Fig. 26-3). The plane-polari- 
zed light thus obtained vibrates in a plane at right angles to the 
reflected ray. If the plane polarized light is vibrating in the vertical 
plane only, the horizonta! plane is termed the plane of polarization. 


polarized 
light 


ordinary 
light beam 


Nicol prism 
reflected ray 


Fig. 26-3. Polarization of light by Nicol prism by removing 
waves vibrating in all other planes except one. 


2. Dextro- and Laevorotatory Substances 


When polarized light is passed through certain substances, it 
is found that the plane of polarization is rotated (Fig, 26-3). The 
ability of a substance to rotate the plane of polarized light is called 
optical activity, while that substance is said to be optically active. An 
optically active substance which rotates the plane of polarized light 
to the right is termed dextrorvtatory (right-turning), and the one 
which causes rotation to the left, /aevorotatory (left-turning), Optically 


*it is a naturally occurring form of calcium carbonate, CaCO,. 


90 LS.C. CHEMISTRY VOL. li 


active substances are of two kinds, those which are optically active 
only in the solid state, such as quartz, and those which are optically 
active when molten or in solution as well as when crystalline, e.g., 
glucose, fructose, etc. In the latter type of substances optical 
activity is inherent in the molecular structure rather than in the 
crystalline firm. 


It has been found that only a small proportion of organic 
compounds are optically active. Each optically active compound is 
found to exist in two forms which differ in the direction in which 
they rotate polarized light. These forms are called optical isomers. 
These are distinguished by prefixing their names by d- and l- for 
dextrorotatory and laevorotatory respectively, e.g., d-lactic acid and 
I-lactic acid. 


Fig. 26-4. (a) Plane (b) Plane rotated to (c) Plane rotated to 
polarized right right (dextrorotatory) left (laevorotatory). 


3, Use of Polarimeter 


The apparatus used for measuring the rotation of plane pola- 
rized light by an optically active compound is called a polarimeter. 
It consists of a removable glass tube, called sample tube placed 
between two Nicol prisms as shown in Fig. 26-5, The prism at the 
left end is fixed; it is called the polarizer. The prism at the right end 
or eyepiece, is rotatable and joined to a wheel which is marked off in 
degrees; it is called the analyzer. The polarizer and analyzer transmit 
plane- polarized light in one direction. So, a maximum amount of 
light will reach the observer when the polarizer and analyzer are 


fixed Nicol prism Solution of substance wheel marked 
(polariser) in sample tube ojt in degrees 


rays of fOtatable Nicol Prism 
monochromatic light (analyser) eyepiece 


Fig. 26-5.- The polarimeter. 
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aligned and passing light vibrating in the same plane. When using 
the polarimeter, the polarizer is turned until minimum light is 
observed in the eyepiece. This is the zero point for the instrument 
and the value is read from the scale. In this position the axes of 
the two prisms are exactly at right angles so that none of the 
polarized light coming through the polarizer is transmitted through 
the analyzer. 


The sample tube is filled with a solution of a known concen- 
tration of the substance under investigation, If the substance is 
optically inactive, no effect is observed. If, however, the substance 
is optically active, a deflection of the polarized light occurs. 
As a result, a certain amount of lisht will pass through the 
analyzer to the observer. The analyzer a now rotated to the new 
position of maximum darkness. The number of degrees («) through 
which the analyzer has been turned is equal to the degrees through 
which the polarized light is rotated by the solution. If the polarizer 
is turned in a clockwise direction. the substance is dextrorotatory; 
if the polarizer is turned in an anticlockwise direction, the substance 
is laevorotatory. The working of the polarimeter is schematically 
depicted in Fig. 26-6. 


jo 
A. Sample tube is empty 270 
rm 
A t | eye of 
bserver 
light sample tube Lv o 
Source polariser we yser 


B: Sample tube contains solution EUR 


of an optically activa compound 
0° 
5 t 
180° 
90* 


Fig. 26-6. Schematic working of a polarimeter. 


the rotation depends on the feet End 
concentration of solution, the wavelength of the light, and the 
fedi perfume These factors are accounted for in the term specific 
rotation which is defined as the number of degress of rotation pro- 
duced in the plane of polarized light passing. through a T 
decimeter in length, filled with a solution containing ] gram of the 
solute in 1 cubic centimetre of solution at a specified temperature. 


For any given solute 
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Such a concentrated solution cannot be obtained for most substances. 
Hence, the specific rotation is calculated by the formula 


t a 
[elt Te 


t 
where, [œ] =the specific rotation at a temperature t, using 
monochromatic light of wavelength P (usually light 
from a sodium lamp), 
œ =the measured rotation, expressed in degrees, 
[=the length of tube containing the solution in deci- 
metres, and 


c=concentration in grams per ml of solution. 
t 
It is conventional to regard [ed as positive for dextrorota- 


tory substances and negative for laevorotatory substances. 


4. Asymmetric Carbon Atom and Enantiomorphs 


Optical activity arises from the lack of symmetry in the 
structure of the molecule. If a molecule has a plane of symmetry, 
it is not optically active, and is called a symmetrric molecule. The 
mirror image concept is very useful to understand asymmetry. An 
asymmetric object, snch as the letter P, cannot be superimposed on 
its mirror image; a symmetrical object, such as the letter H, is 
identical with its mirror image (Fig. 26-7) 


PH Iu 


Fig. 26-7. P is asymmetric: H is symmetric 


Asymmetry in organic compounds is caused by the presence 
of one or more carbon atoms in the molecule linked to four different 
atoms or groups, such as CHCIBrI, A carbon atom in a molecule 


e b 
QzH Qec @=8r e- mirror 


Fig. 26-8. (left) Two forms (a and b) of CHCIBr; (right) a and its non- super- 
imposable mirror image a’ which is identical with b. 
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with four different atoms or groups attached to its four valencies is 
called an asymmetric carbon atom. Such a grouping permits of two 
different arrangements in space, leading to the existence of optical 
isomers. For example, the compound CHCIBrI can exist in two 
forms a and b shown in Fig. 26-8 which differ in the spatial arrange- 
ment of the atoms H, Cl, Br, and I. The two forms are related to 
each other as an object and its non-superimposable mirror image 
That is, neither of the two forms is superimposable on its mirror 
image. 


The two forms of a molecule which are mirror image of each 
other or opposites are called enantiomorphs (Gr. enantios, opposite, 
and morphe, form). Two examples of enantiomorphs, each containing 
one asymmetric carbon atom (marked with asterics) are given 
below : 


CH3 TF 
| 

1. HC md Marg 
C2Hs CH 

d-2-chlorobutane 1-2-chlorobutane 

CHO CHO 
| xl 

2. H—C—oH and ras 
noH CH40H 

d-glyceraldehyde I-glyceraldehyde 


It must be clearly understood that the structural formulae of 
the enantiomorphs of each compound are actually identical. The 
enantiomorphs differ only in the spatial configurations of the atoms 
Which cannot be shown in 2-dimensional structural formulae; other- 
wise, they have the same atoms linked together in the same way. 


5. Optical Isomers of Lactic Acid 


Lactic acid is one of the simplest compounds exhibiting M 
isomerism. It contains one asymmetric carbon atom in the molecu! 


» . 
CH&.CH(OH).COOH. The spatial arrangement of the various 
groups pase the asymmetric carbon atom in the molese 
can occur in two ways shown in the tetrahedral fondue i 
Projection formulae in Fig. 26-9. The two molecules wit pea 
arrangements are not superimposable, and are related to aR 
other like an object and its mirror image. | The arrangement eum 
left hand represents dextrorotatory, also indicated as Je aein E «i 
and that on the right hand represents laevorotatory, also indica 
as ( —), lactic acid. 


A third form of lactic acid also exists, which does not rotate 
the plane of polarized light. This optically inactive form consists of 
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COOH COOH 
WAN A. 
CH3 CH3 
in D TEES 
COOH COOH 
HO—C—H —OH 
CH, bai 


Fig. 26-9 Optical isomers of lactic acid, CH,.CH(OH).COOH. 


equal amounts of the dextro- and laevo- forms combined together. 
It has a net rotatory power of zero since the effects of the dextro and 
laevo forms upon polarized light compensate each other. Thus, the 
d-| compound is „optically inactive by what is described as external 
compensation, and is called a racemate or racemic ccmpound (L. 
racemus, cluster). When a compound capable of optical isomerism 
is prepared from optically inactive substances, it is always obtained 
as the racemate. For example, dl-lactic acid is the product obtained 
from sour milk or in the following reactions : 


HCN hydrolysis 
(1) CHgCHO — CH3.CH(OH)CN ——— CHs.CH(OH).COOH 
acetaldehyde acetaldehyde Ht dl-lactic acid 
cyanohydrin 


Br, HOH 
(2) CHs.CHe.COOH -> CHs.CHBr.COOH— »CHs.CH(OH)COOH 
propionic acid a Bromo neon di-lactic acid 
ac. 

Dextrorotatory lactic acid occurs naturally in muscles and can 
be obtained from meat extract. It is also called sarcolactic acid, 
(Greek sarkos, flesh). With muscular activity, glycogen present in 
muscles breaks down to give sarcolatic acid, the accumulation of 
which in the muscles causes fatigue. During rest, the accumulated 
sarcolatic acid is slowly reconverted into glycogen. 


Laevorotatory lactic acid is formed in the fermentation of 
sucrose by Bacillus acidi laevolactiti. 


6. Optical Isomers of Tartaric Acid 


» * 

The tartaric acids, COOH.CH(OH).CH(OH).COOH, present 
the classic example of optically active compounds having two simi 
asymmetric carbon atoms, each one linked to the same four different 
groups, vi, H, OH, COOH, and —CH(OH)COOH. There sre 
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three possible spatial arrangements of the various groups in the mole- 
cule, shown by means of projection formulae in Fig. 26-10. 


Hcc HO: plane of 


ee : 
HO—C—H H—C—OH OZone 


Von) HE 


Fig. 26-10. Projection formulae of the optical isomers of tartaric 

acid, CH(OH).COOH—CH(OH)COOH. 

These configurations correspond respectively to the dextrorota- 
tory tartaric acid, laevorotatory tartaric acid, and mesotartaric acid 
which is optically inactive due to a plane of symmetry. Note that the 
d- and l-forms of tartaric acid are mirror images of each other. Thus, 
the various isomers of tartaric acid are : 


(1) Dextro-tartaric acid in which the two halves of the mole- 
cule are both dextrorotatory, and reinforce one another in their effect. 
Therefore, the molecule as a whole is dextrorotatory. 


, Tartaric acid from natural sources, such as grapes and tamarind, 
is dextrorotatory. 


(2) Laevo-tartaric acid in which the two halves of the mole- 
cules are both laeovorotatory, and strengthen the effect of each other 
on polarized light. 


Laevo-tartaric acid does not occur in nature and is obtained 
from racemic tartaric acid by removing its dextro constituent. with an 
optically active base* 


Both the dextro and laevo forms of tartaric acid have the crys- 
tal form of prisms, which melt at 170°C. 


(3) Meso-tartaric acid is optically inactive since one half of 
the molecule has a dextrorotatory configuration and the other half a 
lasvorotatory configuration. Thus, the two parts ofthe molecule 
have equal but opposite effect on polarized light, and the molecule 
asa whole has a rotatory power of zero. It may also be noted that 
the upper half of the molecule is a mirror image of the lower half. 
Hence, mesotartaric acid is optically inactive by what is termed 
internal compensation. 


Mesotartaric acid does not occur in nature. it is formed, 
along with racemic tartaric acid,'when the dextro or laevo acid is 


*Such a process of isolating optically active isomers from a racemic com- 
pound is called resolution. 
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heated with water at 170°C in a sealed tube. It forms rhombic crystals 
which melt at 140*C. 


(4) Racemic tartaric acid is composed of equal amounts of 
the d- and l-tartaric acids. It is, therefore, optically inactive by exter- 
nal compensation. So, unlike the mesotartaric acid, it can be 
separated into the d- and lforms by suitable methods. Its melting 
point, 206°C is considerably higher than that of the d- and l-forms, 
170°C. This shows that it is a distinct compound and not merely a 
mechanical mixture of the isomers. 


Racemic acid crystallizes in plates. 


7. Properties of Enatiomorphs 


The physical and chemical properties of enatiomorphs, i.e., 
optical isomers, are alike. However, such substances usually differ 
markedly in their physiological effect. 


1. Physical properties, Enantiomorphs (i.e., the d- and 
l-isomers) have identical physical properties in every respect except 
in their effect on polarized light, which they rotate by exactly equal 
amounts but in opposite directions. Thus their specific rotations, 
[a], are numerically equal. The physical properties of enantiomorphs 
differ significantly from those of their optically inactive isomers 
(Table 26-1). 

Table 26-1 Physical properties of tartaric acids 
deen hee ee ee ine cue — 
Isomers. M.P: Density — Crystal form specific rota- Solubility, 20^ Ka 

tion, [a] g/100 g HO 


Dextro 170° 1:760 prismatic +12° 139 977 x 107* 
Laevo 170* 1760 prismatic —12° 139 9:7 x 107* 
Racemic 206°C 1788 rhombic 0 206 8 97x10 
Meso 140°C 1666 plates 0 125 60x 107* 


o ds Chemical properties. Optically active isomers show 
identical chemical behaviour, and form similar derivatives. For 
example, the ordinary chemical reactions of d-tartaric acid are the 
same as those of l-tartaric acid, and both acids form salts, esters, etc., 


in the same manner. 


3 3. Physiological effects. Enantiomorphs differ markedly 
in their phsiological activity and effects. The dextro form of a 
compound may be fermented by a bacteria which has no effect on 
its laevo isomer, or vice versa. L-thyroxine (the active principle 
secreted by the thyroid gland) has several times the physiological 
activity possessed by its dextro isomer. D-ascorbic acid (vitamin 

is medicinally more efficient tban l-ascorbic acid. Very often, living 
systems have only one enantiomorph of a pair. Blood sugar Is 
d-glucose, or (+) glucose, and the amino acids obtained from the 
hydrolysis of proteins are laevorotatory. 
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Questions 


1. Explain the following terms : (a) optical isomerism, (b) polarized light, 
(c) asymmetric carbon atom, and (d) enantiomorphs. 

2. What are dextrorotatory and laevorotatory substances ? 

_ 3. Describe the use of a polarimeter in measuring the rotation of plane 

polarized light by an optically active compound, 

4. Give an account. of the isomers of lactic acid, drawing the projection 
formulae as well as the tetrahedral formulae of each isomer. 

5. (a) Describe the optical isomers of tartaric acid. Draw the projection 
formula of each isomer, 

(6) Distinguish between racemic isomer and meso isomer. 

6. (a) State with reason if the following statement is true ; if false, rewrite 
correctly : 

‘A compound with the formula R—CH(OH)—COOH can exist in two 
optically active forms, if R is an alkyl or aryl group. 

(b) Explain the term ‘optical activity’ with one example. 

7. Write a brief note on the properties of enantiomorphs. 


Key 


5. (b) Both racemic and meso isomers are opticall inactive, though due 
to different causes. A racemic compound is optically inactive as it consists of 
equal quantities of d- and l- isomers which compensate cacn other's rotation of 
the plane of polarized light (external compensation). A meso isomer is optically 
inactive as the dextro effect of one half of the molecule is compensated by th 
laevo effect of the other one half (internal compensation). Since, a racemic 
isomer consists of both d- and l- isomers, it can be resolved into the d- and l- 
isomers, Meso isomer cannot be similarly resolved into the d- and l- forms. 


6. (a) The statement is true because if Risan alkyl or aryl group, the 
carbon atom joined to R, H, OH, and COOH will become symmetric and can 
m two different configurations related to cach other as «n object and its mirror 
mage. T7 


H H 
Rub coon nooc-d-R 


H bu 


27 


Carbohydrates 


Carbobydrates are compounds of carbon, by , and oxygen, 
so use their general formula CzHavOy corresponds 
technically to a hydrate of carbon' Ce(H,O)y. However, the 


Fui 

cn to the formula Cx(H,O,), e.g., rhamnose, C,H4,0,. 
However, this name has been retained even though it is not descrip- 
tive of the nature of these substances, 

Among the typical carbohydrates are the sugars, starches, and 
cellulose. They are widely distributed in plants which form them 
from carbon dioxide and water by py lpm ine Fe 
hydrates play an exceed: important man's life. Sugars 
and are vital foodstuffs, and serve chiefly as a source of 
energy. Cellulose from wood or cotton rovides the raw materials 
for making paper and textiles. The fermentation of carbohy- 
drates gives us many useful substances, such as ethyl alcohol, 
butyl alcohol, acetone, lactic acid, etc. 


1. Classification of Carbohydrates 


Structurally, all carbohydrates are polyhydroxy aldehydes or 
ketones, or substances that yield either or both of these on hydro- 
lysis. For example, the carbohydrate glucose is a polyhydroxyalde- 
hyde and fructose a polyhydroxyketone, The carbohydrate sucrose 
contains neither an aldehyde nor a ketone group but gives glucose 
and fructose upon hydrolysis. The carbohydrates are classified into 
three main groups : (1) the monosaccharides, (2) the disaccharides, 
and (3) the polysaccharides. 

1-1. The monosaccharides, These are the basic units of the 
carbohydrates and cannot be hydrolyzed further, e.g., glucose, fruc- 
tose, etc, The most important monosaccharides are those which 
contain five or’ six carbon atoms in their molecules, and these are 
practically the only monosaccharides which occur naturally. 
monosaccharides with five carbon atoms are called pentoses and 
those with six carbon atoms hexoses. The suffix aldo- is used with 
these names if the monosaccharide contains an aldehyde group and 
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the suffix keto- if it contain a ketonic group. Thus glucose is an 
aldohexose and fructose a ketohexose. 


1-2, The disaccharides, These are the carbohydrates which 
yield two monosaccharide units on hydrolysis, e.g., sucrose, maltose, 
etc, When hydrolyzed, each molecule of sucrose gives one mole- 
cule of glucose and one molecule of fructose while each molecule of 
maltose gives two molecules of glucose. 


O — CH: H: 
Cy2H220n1 + Hal Callas0e + G 1100* 


sucrose 


CigH22011 + H20 —> 2C6H1206 
maltose glucose 


L3. The polysaccharides, These are high-molecular-weight 
substances which yield a large number of mon: units on 
hydrolysis. The most widely distributed polysaccharides have the 
general formula (CeHao0s)s such as the starches and cellulose. 
Complete hydrolysis of these carbohydrates yield glucose only. 

(CgH1005)» + nH3O + nCgHisOe 

starch or cellulose glucose 

1-4. General properties, The mono: and disaccharides are 

colourless, crystalline substances, soluble in water, and sweet in 
taste, They are known collectively as Ge and their names 
end in -ose : glucose, fructose, sucrose, etc ie Breed 
non-crystalline and tasteless substances. They show poor solubility 
in water but can be obtained in the form of colloidal dispersions. 
They have unrelated names such as starch, dextrin, and inulin 
(exception, cellulose), 


2. Glucose, Grape Sugar, Dextrose, C,Hi:0, 


Glucose is the most important of the monosaccharides. It is 
widely distributed in nature, occurring in the free state in the sap of 
plants fruit juices, and honey, Ripe grapes often contain up to 30 
per cent of glucose (hence the name grape sugar), It is present in 
blood to the extent of about O'I per cent and is one of the fow 
substances which can be injected directly into the blood stream. The 
work of muscles depends chiefly on the energy released in the oxida- 
tion of glucose, 


2-1, Laboratory preparation, Glucose can be prepared in 
the laboratory by heating cane sugar (sucrose) with dilute hydro- 
chloric (or sulphuric acid) for about half an hour. 


H 
CH + HiO — -> CoHi20e + CoHi200 
pii ME flocose — froctose 
Excess of alcohol is added in which fructose dissolves; glucose is 
gradually deposited as crystals. 


*Sucrose and maltose are isomeric substances and so are glucose and 
fructose. 
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2-2. Manufacture, Glucose is prepared commercially by 
heating starch with water containing a small amount of acid under 
pressure. The changes indicated -below occur : 


H*H,O H*H,O H+,H,O 
(CeéH1005)n ————> Dextrins ——— — Ci2Hg9011 ———— CaH1»0g 
starch heat heat maltose heat glucose 


Or, in a simplified manner, 
H+, heat 
(CeH31905)s + nH20 ———— nCgH1206 


Often, the hydrolysis of starch is not carried to completion, and a 
Syrup consisting of glucose, maltose, and dextrins is produced for 
the candy industry. 


2-3. Physical properties, (1) Glucose crystallizes from warm 
Solutions as colourless, anhydrous crystals, m.p. 146°C, and from 
cold solutions as the monohydrate, m.p. 118—120°C. 


(2) It is readily soluble in water, but only slightly soluble in 
alcohol. 


(3) It has a sweet taste (the name is, in fact, derived from the 
Greek word gleukos, meaning sweet), but is somewhat less sweet than 
ordinary cane sugar. 


.. (4) In solution, glucose rotates the plane of polarized 
light to the right or in a dextro manner, and is therefore also called 
dextrose. 


_ 2.4. Reactions. Glucose is a polyhydroxy aldehyde, and 
gives the reactions of both alcohols and aldehydes. Its more impor- 
tant reactions are : 5 


i, Dehydration. When heated strongly glucose chars, the 
carbon remains while the hydrogen-oxygen content is expelled as 
steam. When glucose is warmed with concentrated sulphuric acid, 


dehydration occurs very vigorously and a black mass of sugar carbon 
is formed. 


CeHi20, — 6C + 6H30 


2. Acetylation. When glucose is heated with an excess of 
acetic anhydride in the presence of anhydrous zinc chloride as 
catalyst, glucose penta-acetate is formed. This shows the presence 
of five alcoholic groups in the glucose molecule. 


C&H70(OH)s + 5(CH3.CO)20 + CgH;0(O0.COCHs)5 + 5CHs.COOH 


glucose acetic anhydride glucose pena-acetate acetic acid 


3. Oxidation. Glucose is a strong reducing agent. It reduces 
an ammoniacal solution of silver oxide (Tollen’s reagent) to a silver 
mirror and Fehling’s solution to a red precipitate of cuprous oxide 
on boiling. These reactions establish the presence of an aldehyde 
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group in the glucose molecule. The aldehyde group is converted to: 
carboxyl group in these reactions producing gluconic acid. The: 
same product results when glucose is oxidized with bromine water. 
Oxidation is gluconic acid or of glucose directly, with dilute nitric: 
acid produced saccharic acid by the conversion of the primary 
alcohol group to a carboxyl group. 


va Brs water COOH dil. HNOs COOH 
———-— ———-— 
(CHOH)4 (CHOH)4 (CHOH)s 


CH20H CH20H COOH 
glucose gluconic acid saccharic acid 
(CgH1206¢) (CeH1207) (CeH1008) 


|. 4. With hydrogen cyanide. Glucose forms glucose cyanohyd- 
tin by the additioa of the hydrogen cyanide to its aldehyde group. 
C5H3105.CHO + HCN +> C5Hn105 CH(OH)CN 
glucose glucose cyanohydrin 
5. With hydroxylamine. Glucose behaves like a typicak 
aldehyde in condensing with hydroxylamine to form the oxime. 


C5H1105.CH|O + H3 NOH — CsH1,0;. CH=NOH-+H20 
glucose hydroxylamine glucose-oxime 
6. With phenylhydrazine (a) At room temperature one: 
molecule of glucose condenses with one molecule of phenylhydr- 
zine to form glucose phenylhydrazine which remains in solution. 
—— room temp. 
CH| O + He |N NH C6H5; ——— CH-N.NH.CeHs 
phenylhydrazine 


iis CHOH 

| 
(CHOH)s (CHOH)s 
| | 
CH20H CH20H 
glucose glucose phenylhydrazine 


(b) When glucose is warmed to 100°C with excess of 
phenylhydrazine, a diphenylhydrazine, called glucosazone, 18 
formed as a yellow precipitate In this reaction, one molecule of 
phenylhydrazine is first used up in oxidizing one CHOH group to 
C=0, being itself reducted to aniline and ammonia ; two mole- 
cules of phenylhydrazine then react with the CHO and C=, 
groups to give the osazone. 


CHO CHO ae NH.CeHs 
| 
CeHsNH.NHs |  2CeH&NH.NHe | 
CHOH ————-. C=0 ————- C=N.NH.CéHs 
[ -CgHs.NHa | —2H30 I 
ees (CHOH)s (CHOH)s 
CHOH CH30H CH20H 


glucose phenyl glucosazone 
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2.2. Manufacture. Glucose is prepared commercially by 
heating starch with water containing a small amount of acid under 


pressure. The changes indicated -below occur : . 
H+,H,O H*,H,0 H+,H,O 
(Ce6H1005)n ————> Dextrins —————9 CisHasO11 CgHi206 
starch heat heat maltose heat glucose 


Or, in a simplified manner, 
H+, heat 
(CeHi005)n + nHa3O ———— nCgH1206 


Often, the hydrolysis of starch is not carried to completion, and a 
syrup consisting of glucose, maltose, and dextrins is produced for 
the candy industry. 


2-3. Physical properties. (1) Glucose crystallizes from warm 
solutions as colourless, anhydrous crystals, m.p. 146°C, and from 
cold solutions as the monohydrate, m.p. 118—120°C. 


(2) It is readily soluble in water, but only slightly soluble in 
alcohol. 


(3) It has a sweet taste (the name is, in fact, derived from the 
Greek word gleukos, meaning sweet), but is somewhat less sweet than 
ordinary cane sugar. 


(4) In solution, glucose rotates the plane of polarized 
light to the right or in a dextro manner, and is therefore also called 
dextrose. 


2-4, Reactions. Glucose is a polyhydroxy aldehyde, and 
gives the reactions of both alcohols and aldehydes. Its more impor- 
tant reactions are : , 


1, Dehydration. When heated strongly glucose chars, the 
carbon remains while the hydrogen-oxygen content is expelled as 
_ steam. When glucose is warmed with concentrated sulphuric acid, 


dehydration occurs very vigorously and a black mass of sugar carbon 
is formed. 


CeH1206 > 6C + 6H20 


2. Acetylation. When glucose is heated with an excess of 
acetic anhydride in the presence of anhydrous zinc chloride as 
catalyst, glucose penta-acetate is formed. This shows the presence 
of five alcoholic groups in the glucose molecule. 


CsH70(OH)s + 5(CH3.CO)20 — CgH7O(O.COCHs)s + 5CHs.COOH 


glucose acetic anhydride glucose pena-acetate acetic acid 


3. Oxidation. Glucose is a strong reducing agent. It reduces 
an ammoniacal solution of silver oxide (Tollen’s reagent) to a silvet 
mirror and Fehling’s solution to a red precipitate of cuprous oxide 
on boiling. These reactions establish the presence of an aldehyde 
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group in the glucose molecule. The aldehyde group is converted to: 
carboxyl group in these reactions producing gluconic acid. The- 
same product results when glucose is oxidized with bromine water. 
Oxidation is gluconic acid or of glucose directly, with dilute nitric: 
acid produced saccharic acid by the conversion of the primary 
alcohol group to a carboxyl group. 


cus Bra water COOH dil. HNOs COOH 
M, el E 
(CHOH)4 (CHOH)4 (CHOH)a 


CH20H CH20H COOH 
glucose gluconic acid saccharic acid 
(CgH1206) (CeH1207) (CeH1008) 


_ . 4. With hydrogen cyanide. Glucose forms glucose cyanohyd- 
zin by the additioa of the hydrogen cyanide to its aldehyde group. 
C5$H1105.CHO + HCN > C5H1105 CH\OH)CN 
glucose glucose cyanohydrin 
5. With hydroxylamine. Glucose behaves like a typicak 
aldehyde in condensing with hydroxylamine to form the oxime. 


CsH1105.CH\O + He! NOH —> C;Hn05. CH=NOH+H20 
glucose hydroxylamine glucose-oxime 


6. With phenylhydrazine (a) At room temperature one: 
molecule of glucose condenses with one molecule of phenylhydr- 
zine to form glucose phenylhydrazine which remains in solution. 


NANI room temp. 
CH| O + He IN NH CeHs —— > CH-N.NH.CeHs 


| henylhydrazi 

non phenylhydrazine CHOH 
(CHOH)s (CHOH)s 

| | 

CH2,0H CH20H 
glucose glucose phenylhydrazine 


(b) When glucose is warmed to 100°C with excess of 
phenylhydrazine, a diphenylhydrazine, called glucosazone, is 


cules of phenylhydrazine then react with the CHO and C=Q. 
groups to give the osazone. 


CHO un pens eem 
CsHsNH.NH2 |  2CcHs.NH.NH2 | 
CHOU —————4 CRO a C=N.NH.C6H5 
| -CgHs5.NHa | —2H30 | 
(CHOH)s-NHs (CHOH)s (CHOH)s 
CH20H CH20H CH20H 


glucose phenyl glucosazone 
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Conversion of glucose into fructose. This is achieved in the 
‘following steps : (1) Conversion of glucose into osazone (2) hydro- 
ilysis of osazone to osone, and (3) reduction of osone. 


CH=N—NHC¢Hs [9 CH30H 
C—N—NHC$Hs 200 C=O 2H C=0 
—> > | 
(CHOH)s HCl (CHOH),  Na-HglAcid (CHOHs) 
CH20H H20H CH20H 
osazone osone fructose 


7. Reduction. Glucose is reduced by sodium amalgam and 
«water to hexahydric alcohol, called sorbitol, by conversion of the 
aldehyde group (—CHO) to the primary alcohol group (—CH30H). 
‘Complete reduction, by heating with concentrated hydriodic acid 
xed phosphorus, yields n-hexane. 


CH3 CHO CH20H 

| uy | Na-Hg/H:O | 

(CHg4 «—— (CHOH), ——-* (CHOHA 

| 100°C l 

CH3 CH20H CH20H 
n-hexane glucose sorbitol 


8. Fermentation. (a) A solution of glucose is fermented by 
'the enzyme zymase, present in yeast, producing ethyl alcohol and 
carbon dioxide (alcoholic fermentation). 


zymase 
CeH150s—— —- 2C3H50H + 2CO» f 
glucose ethyl alcohol 


(b) Under the influence of the enzyme of the lactic acid 
‘bacteria present in sour milk, glucose undergoes fermentation 
«giving lactic acid. 


CoHi20¢ > 2CHs.CH(OH) .COOH 
glucose lactic acid 


2-5. Glucose as a nutrient. Glucose is a valuable nutrient. 
"The carbohydrates we eat are convered into glucose in the diges- 
‘tive tract ; the glucose is then carried by the blood to all the tissues 
ofthe body. The energy required for muscular work is released 
;primarily by the consecutive oxidation of glucose, the end products 
‘to which are carbon dioxide and water. The overall process is 
‘therefore represented by the equation. 


CeH1206 + 602 > 6CO2 + 6H20 + heat 


2-6. Structure of glucose. The structure of glucose can be 
„derived on the basis of the following considerations : 


(1) Analysis and molecular weight determinations data 
dndicate the molecular formula CgHig0g¢ for glucose. 
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E (2) The reduction of glucose to n-hexane shows that is has. 
six carbon atoms linked in an unbranched chain, 

(3) The formation of the penta-acetate shows that there are ` 

five hydroxyl groups in the glucose molecule. The molecule can be 
stable only if each hydroxyl group is linked to a different carbon 
atom. 
E (4) The addition reaction of glucose with hydrogen cyanide, 
its condensation reaction with hydroxylamine, and the reducing 
action of glucose all indicate the presence of a-CHO group in 
glucose. 

On obvious valency considerations, the aldehyde group can 
only be at the end of the carbon chain. 

, On the basis of all these facts, the following structure is. 
attributed to the glucose molecule. 
» H H H H H 
low bae bel /H 
R—C-C-C-C-C-CQ 
Denies C 
OH OH OH OH OH 

X-ray analysis of glucose reveals, however, that it has a six-- 
membered ring structure in the crystals. This accounts for the: 
existence of two cyclic isomers, d. glucose and B glucose which 
differ in the number of hydrogen atoms on one side of the plane: 
of the ring. In a solution of glucose both of these isomers are in 
dynamic equilibrium with each other and with a small proportion: 
of the open-chain form (Fig. 27-1). 


gro 
Har n ice ‘aa 
em na HO-C-H H C—O. OH 
at! b. ui iad OH a, P. 
HO NC t” OH D UN LL vg 
H bu Cro H bu 
o£- glucose P -glucose 


Fig. 2-71. The equilibrium forms of glucose in solution. 
2-7. Uses. (1) As a foodstuff. As it is easily absorbed;. 


glucose supplies needed energy quickly without taxing the digestive: 
system. 

(2) In medical practice, for the interavenous feeding of“ 
patients for whom feeding by mouth is inadvisable . 
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(3) In the confectionery industry, in making candied fruit jelly, 
jams, caramel, treacle-cakes. etc. 


(4) In the textile industry, in the finishing of fabrics. 
(5) As a reducing agent, in making silver mirrors and tinsel. 


3. Fructose, Levulose, CsHi20, 


Fructose, also called levulose and fruit sugar, occurs in fruit 
juices and in honey. Chemically combined with glucose in the 
disaccharide known as sucrose, it occurs in sugar cane and sugar 
beets. 

3-1, Laboratory preparation, Fructose can be prepared in 
the laboratory by warming cane sugar with dilute sulphuric acid, 
whereby the cane sugar is hydrolyzed into glucose and fructose. The 
product is strongly cooled and treated with slaked lime. A fructosate 
of composition CgH120¢.CaO is precipitated leaving the more soluble 
glucosate in solution. The precipitate is filtered off, washed, and 
suspended in water. Carbon dioxide is bubbled through the 
suspension, causing the fructosate to decompose into fructose and 
calcium carbonate. The insoluble calcium carbonate is removed 
and the fructose recovered from the filtrate by concentration and 
crystallization. 

CgHi20¢.CaO + CO; — CaCO3} + CeH1206 
fructosate fructose 

3.2. Manufacture, Fructose is prepared commercially by the 
hydrolysis of inulin, (CeH1005)n, a polysaccharide closely related to 
starch, and found in dahlia bulbs and artichokes, with dilute 
sulphuric acid. 

Ht 
(CoHH19Os)n + nHi20 ——> nCeH3306 


inulin fructose 


3-3, Physical properties. Fructose is a colourless, crystalline 
substance, m.p. 95°C. It dissolves readily in water giving a solution 
which is laevorotatory. It is also soluble in alcohol. Fructose is 
nearly twice as sweet as sucrose and. in fact, is the sweetest of all 
the sugars. 


_ _ 3-4, Reactions, Except the difference that fructose is not 
oxidized to a carboxylic acid by bromine water, the reactions of 
fructose are essentially similar to those of its isomer glucose. Thus— 

1. It is dehydrated to carbon by concentrated sulphuric acid. 
. It forms a penta-acetate when acetylated. 
. It reduces Febling's solution and Tollen's reagent. 
It forms a cyanohydrin with hydrogen cyanide. 
It forms an oxime with hydroxylamine. 


6. When heated with excess of phenylhydrazine it forms 
phenylfructosazone, which is identical with phenylglucosazone. 


naur 
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7. It is reduced to sorbitol by sodium amalgam and water, 


8. Itis fermented to ethyl alcohol by the enzyme zymase im 
yeast. 

3-5, Structure, The open chain-form of fructose has the 
structure. 

je Bae 
| 
x m ER UL 
| | i] |. 

OH OH OH OH O OH 
The reducing properties of fructose are attributed to the hydroxy” 
ketogroup : 


Ne c= 
"d i 
OH O 


Like glucose, fructose also exists in the cyclic isomeric forms,. 
a and B fructose. In solution, these forms are in dynamic equili- 
brium with each other and with the open-chain form. 


4. Sucrose, Cane Sugar, CuH,On 


Sucrose is the most important of all disaccharides, and is the 
ordinary sugar we know so well. It occurs to the extent of about 
15 per cent in sugarcane and sugar beet which are its principle 
sources, It is also contained in much smaller amounts in the sap of 
the birch and the maple, and in'carrots, melons, etc. 


4-1, Production of sucrose, Sucrose is one of the purest 
chemical substances that nature provides, and its production merely 
involves its isolation from sugar cane or beets. The production of 
sugar from sugar cane or sugar beet involves the following opera- 
tions. 


1. Extraction of juice. The cane is shredded and crushed 
between rollers. The crushed material is moistened with water for a 
second and third extraction. 


Sugar is extracted from beets by reducing them to thin shreds. 
mechanically and placing the shreds in water. The sugar passes into 
the water by diffusion. This operation is carried out in large tanks, 
called diffusors, which are connected in series. 


.. 2. Treatment with milk of lime. The extracted juice is treated 
with milk of lime to neutralize the organic acids and coagulate the 
proteins. The sucrose, however, remains in solution since it forms 
a soluble saccharate with the calcium hydroxide. The coagulated 
mass is removed by filtration. 


3. Treatment with carbon dioxide. The solution i 
with carbon dioxide which precipitates the excess of. ard 
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calcium carbonate. The preciptate of calcium carbonate adsorbs and 
carries down most suspended impurities. 


4. Concentration of the juice. The clear juice is concentrated in 
closed vessels under reduced pressure to prevent the decomposition 
and charring of sugar. 


5. Crystallization, The concentrated solution containing only 
6 to 8 per cent water is run into a tank and the sugar is allowed to 
crystallize. The crystals are separated from the mother liquor by 
centrifuging. 


6. Refining. The crude sugar is dissolved in water and refined 
by treatment with lime and carbon dioxide much in the same way as 
the raw juice was processed. The solution is decolorized with animal 
charcoal before the final crystallization. Refined sugar is 99°98 per 
cent pure. 


Cane sugar and beet sugar are identical when carefully purified. 


In the extraction of sucrose from sugar canes, the residual 
mother liquor is a dark syrupy liquid known as molasses. It contains 
55 to 70 per cent of sugars by weight. mostly the uncrystallizable 
glucose and fructose. It is used to make treacle, or mixed with cattle 
feed, or is fermented to alcohol. 


4-2, Physical properties. (1) Sucrose is a white, crystalline 
‘compound, m.p. about 160°C. The molten sucrose solidifies into an 
amorphous, transparent mass called caramel. 


(2) Excepting, fructose, it is the sweetest of all sugars. 


_ (3) It is freely soluble in water, and dissolves in about one-third 
of its weight of water at room temperature. It is almost -insoluble in 
alcoho!, 


(4) It is dextrorotatory. 


"s 
4-3. Reactions, The important reactions of sucrose can be 
‘described under the following headings : 


1. Dehydration. When heated above its melting point, sucrose 
loses water forming a brown substance, caramel, used for colouring 
and flavouring rum, vinegar, and many foodstuffs. Stronger heating 
causes charring to almost pure carbon. 


When sucrose is warmed with concentrated sulphuric acid, 
the dehydration occurs very vigorously leaving a black swollen mass 
of sugar carbon. 


Conc, H,SO, 
C12H201 ——————— 12C + 11H20 
Sucrose 
2. Hydrolysis. When sucrose is boiled with a dilute mineral 
acid, or acted upon by the enzyme invertase (yeast) in solution, it !$ 
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-bydrolysed to an equimolecular mixture of glucose and fructose. 
H* or invertase 


CiaHs2011 + H20 ——————> CgHi20g + CgH120g 

sucrose glucose fructose 
‘Sucrose is dextrorotatory and so is glucose, but fructose is even more’ 
strongly laevorotatory. Consequently, as the hydrolysis progresses, 
the original dextro rotation decreases, reaches zero, and finally 
changes to the laevo direction. This phenomenon of the reversal of 
the direction of rotation is called inversion of cane sugar, and the 
resulting mixture of glucose and fructose is known as the invert sugar. 
This mixture occurs extensively in honey. 


3. Oxidation. When warmed with concentrated nitric acid, 
sucrose is oxidized to oxalic acid. 


Ci2H22011 + 902 > 6(COOH)2 + 5H20 


sucrose oxalic acid 


However, sucrose is not a reducing sugar and has no effect upon 
Tollen’s reagent or Fehling’s solution. 


. 4. Acetylation, When boiled with acetic anhydride and fused 
sodium acetate, sucrose yields an octa-acety! derivative. This shows 
that sucrose molecule contains eight free OH groups. 


5. Formation of sucrosates. When a concentrated solution of 
Sucrose is treated with calcium hydroxide or strentium hydroxide, a 
precipitate of the corresponding sucrosate is formed, eg. 
C12H22011.2SrO, etc. 


C12H22011 + 3Ca(OH)2 > Ci2H29011.3CaO | + 3H;0 


sucrose calcium sucrosate 


These sucrosates decompose to give back sucrose when carbon 
dioxide is bubbled into their aqueous suspensions. Use is made of 
the formation and decomposition of sucrosates for the recovery of 
sucrose from molasses. 


4-4, Structure. (1) The hydrolysis of sucrose shows that its 
molecule consists of a link-up of a molecule each of glucose and 
fructose with the loss of a water molecule. 


Ci2Hz2011 + H20 — CoHi20¢ + CoHi20¢ 
sucrose glucose fructose 
(2) The acetylation of sucrose indicates the presence of eight 
hydroxyl groups in its molecule. 


(3) The absence of reducing properties and the inability of 
sucrose to form oxime, cyanohydrin, etc., point to the absence of a 
carbonyl group in the molecule. 


On the basis of the above facts it is reasonable to infer that the 
sucrose molecule is made up of glucose and fructose molecules linked 
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through their respective aldehyde and keto groups. Thus, the 
structure of sucrose can be written as : 


O  CHOH CHOH | 
l lon 7 
HOH Mis 
| d 
i [i 
CH20H CH20H 

glucoseunit fructose unit 


4.5. Uses, (1) As a sweetening agents in foodstuffs, candies. 
syrups, etc. Invert sugar, made from sucrose, is used in candy 
manufacture because of its sweetness and its property of remaining 
non-crystalline. 


(2) As a preservative in fruit products, e.g, jams, jellies, etc., 
(fermentation does not occur at high concentrations of sucrose). 


(3) For the preparation of oxalic acid. 


. (4) For making sucrose octa-acetate used in anhydrous adhe- 
sives, for rendering paper transparent and oil-repellant, and for 
denaturing alcohol. 


5. Detection of Sugars 


1. All carbohydrates produce a black mass of carbon when 
warmed with concentrated sulphuric acid. 


2. All sugars give Molisirs test. To dilute solution of the sugar 
(about 5 ml.)in a test tube is added a drop of an alcoholic solution 
of «-naphthol.- Concentrated sulphuric acid is then poured carefully 
along the side of the test tube so that it forms a separate layer at 
the bottom. A beautiful violet colour appears at the junction of the 
two liquids. 


3. Glucose and fructose can be distinguished from each other 
by the furfural test. The sugar is treated with an alcoholic solution 
of a-naphthol and concentrated hydrochloric acid, and the mixture 
is heated to boiling. An immediate violet colour is produced with 
fructose; the colour appears after a few minutes with glucose. 


4. Sucrose is readily distinguished from both glucose and 
fructose because it does not produce a silver mirror with Tollen’s 
reagent nor does it reduce Fehling's solution. A positive test is to 
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boil it with dilute sulphuric acid, neutralize, and add Fehling's solu- 
tion, when a red precipitate of cuprous oxide is formed. 


6. Starch, (C,H,,05)« 


The polysaccharide starch is the reserve carbohydrate of plants. 
{t is stored in all grains and tubers as a future food supply for the 
germinating seed. The principal commercial sources of starch are 
potatoes, rice, maize (corn), wheat, and barley. 


6-1, Production of starch. (a) From potatoes. The potatoes 
are washed and then shredded mechanically. The shredded mass is 
washed with water in sieves. The starch granules released from the 
cells of the tuber pass through the sieve with the water and settle at 
the bottom of a vat. These are washed thoroughly, separated from 
the water, and dried with hot air. 


(b) From rice, etc. The grains are soaked in water to soften the 
crust. These are then ground to break the culls and release the 
starch contained in them. The ground mass is washed with water, 
and the extract is passed over fine sieves. The starch passes out in a 
milky suspension. On standing, the starch granules settle down. 
These are washed and dried with hot air. 


6.2, Physical properties, (1) Starch is a white powder with 
no taste or smell. Its melting point is not known as it is decomposed 
on heating. 


(2) As normally prepared, starch is not soluble in cold water. 
In hot water, starch swells and forms a colloidal solution, behaving 
as a lyophillic colloid. 


6-3, Reactions. (1) Starch does not reduce Fehling’s solution 
or Tollen’s reagent. 


(2) It reacts with iodine solution, giving a deep violet colour 
which disappears on heating but reappears on cooling. This is an 
extremely sensitive test for either starch or free iodinc.. 


(3) Hydrolysis. When boiled with a dilute acid, starch is 
hydrolysed to glucose, 
H* 
(CgH3005)n Ar nH2O ETE nCgHi1306 


Actually, the hydrolysis occurs in stages leading to the formation of 
Several grades of dextrins of progressively decreasing molecular 
weights. The dextrins are also represented by the formula (CeH190;)s, 
but the value of n is variable and much smaller than in starch. 


The enzyme diastase, present in malt and in saliva, hydrolyses 
starch into maltose. This is an important step in the manufacture of 
alcohol from starch. 


6-4, Starch as a nutrient, Stareh is the basic carbohydrate in 
Our food. When the food is chewed, it is partially hydrolysed to 
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glucose by the enzymes contained in the saliva. The hydrolysis of 
starch continues in the intestines and the glucose formed used for 
producing energy. Surplus glucosc is stored in the liver as a 
polysaccharide, called glycogen or liver starch, (CeH31005)n. 
It readily hydrolyzes to glucose and the reserve of this material in 
the liver provides glucose to the blood stream as it is used up. 


6-5. Dextrins, (CgHi905)n. These are produced by the partial 
hydrolysis of starch by boiling it with water under pressure at about 
200°C. These are white powders and are used as glue, to thicken 
dyes in printing designs on fabric, and for sizing paper, etc. 
The conversion of starch into dextrin accounts for the lustre of 
starched linen, as well as the formation ofthe shiny crust on baked 
bread. 


6-6. Structure. The structure of starch is extraordinarily 
complex. The complete hydrolysis of starch yields only glucose 
indicating that it is a polysaccharide made up of glucose units. The 
starch molecule consists of huge branched molecules each containing 
about 200— 1000 glucose molecules linked together by oxygen 
atoms. Molecular weight estimates of starch by means of osmotic 
pressure measurements range from 17,000 to 225,000. 


6-7, Uses. Apart from its principal use as.a food, starch finds. 
many uses in industry. These are : 


1. For the production of glucose and dextrins by hydrolysis. 
2. In the production of ethyl alcohol by fermentation. 


3. As a stiffening agent in laundry. 
4. In sizing cloth and paper. 


5. In making adhesive pastes; wheat starch is particularly used’ 
for making pastes because it is very adhesive. 


7. Cellulose, (Cc«Hi905)n 


Cellulose ` is a polysaccharide having the same empirical 
formula’ as starch. It is the most abundant organic substance found 
in nature serving as the skeletal material of plants. It is the meterial 
of the cell walls of plants and hence its name cellulose from the Latin 
cellula, meaning cell. Coniferous wood contains about 60 per cent 
cellulose and cotton more than 90 per cent. ‘Filter paper (unsized) 
and absorbent cotton are almost pure cellulose. 

7-1, Production of pure cellulose. (a) From cotton. The 
cotton is first washed with alcohol and ether to remove waxes and 
fats and then boiled with 1 per cent alkali to dissolve out pectin-like 
substances. The residual materialis puré cellulose. The absorbent 
cotton for hospital use is made in this manner. 


(b) From wood. Wood is a combination of lignin, which isa 
non-carbohydrate material, and cellulose. Lignin is removed by 
digesting wood chips at about 150°C with an aqueous solution 
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containing calcium and magnesium hydrogen sulphites, The lignin 
dissolves leaving behind the insoluble cellulose. This method of 
preparing cellulose is called the sulphite process. In another method 
known as the sulphate process, the wood is digested with a solution 
of sodium hydroxide, sodium sulphide, and sulphur. Again, the 
lignin dissolves and the cellulose remains as the insoluble residue. 


7.2. Physical Properties, ( 1) Cellulose is a white, fibrous 
Solid possessing considerable tensile strength, 


(2) It is insoluble in water and in most liquids, but 


dissolves in ammoniacal copper hydroxide solution (Schweitzer's 
reagent). 


7-3. Chemical properties. (1) Chemical inertness. Cellulose is 
not affected by dilute acids, alkalis, and weak oxidizing agents. 


(2) Action of heat. When heated in air, cellulose (e.g., wood, 
Cotton, paper, etc.) burns giving carbon dioxide and water. When 
heated out of contact with air, the cellulose undergoes thermal 
decomposition, giving off water and volatile organic substances such 
as methyl alcohol and acetic acid. 


(3) Hydrolysis. On prolonged boiling with dilute sulphuric or 
hydrochloric acid, cellulose is hydrolysed through a number of 
intermediate stages to finally yield glucose. 


H* 
(CgH1005)s + nHoO ——> nCgHi20¢ 
cellulose glucose 
(4) Formation of esters. If cellulose is treated with nitric acid- 
Sulphuric acid mixture, nitrate esters are formed : cellulose mono- 
nitrate, cellulose dinitrate, and cellulose trinitrate, 


(CéH10O5)n —(CgHgO4NOs). [CgHgOs(NOs)sh — [CaHzOx(NOs)s]e 


Cellulose ^ cellulose mononitrate cellulose dinitrate cellulose trinitrate 
This shows the presence of three free hydroxyl groups in cellulose. 


When acetylated with acetic anhydride in the presence of 


Concentrated sulphuric acid, cellulose forms the ester cellulose 
triacetate, 


7-4, Mercerised cellulose, When cellulose is agitated with 
about 20 Per cent aqueous sodium hydroxide, a number of its 
physical Properties are changed. The resulting form of cellulose, 
called mercerised cellulose, is lustrous and absorbs dyes more readily 
than untreated cellulose. 


7-5. Gellulose as a nutrient Cellulose has no nutritive value 
lor man and other carnivorous animals because they lack the 
enzymes necessary for the hydrolysis of the polymer. The cellulose 
materia] (roughage) in the food, therefore, passes out undigested. 

uminants (cud-chewing animals, such as the cow) are able to utilize 
Cellulose as a food with the aid of the bacteria in their intestinal 
tract which decompose cellulose. 
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7.6. Structure of cellulose. Like starch, cellulose is also a 
polymer of glucose and has the same empirical formula (CgH1005)n. 
However, the molecules of starch and cellulose differ in their degree 
of polymerization and their structure. 


The degree of polymerization of cellulcse is considerably 
higher than that of starch, and molecular weight estimates of some 
samples of cellulose range from 100,000 to 500,000. The cellu- 
lose molecule is made up of about 1500 glucose residues on an 
average. 


The cellulose and starch also differ in the structure of their 
molecules. The starch molecules have branched chains; the cellulose 
molecules have a linear structure. It is because of its linear structure 
that cellulose forms such fibrous materials as cotton. flax and hemp. 
In natural fibres the cellulose macromolecules are oriented along the 
axis of the fibre, Fig. 27-2(a). Since the orderly arrangement gives 
rise to big intermolecular forces, the fibres possess great mechanical 
strength. The spinning of cotton, flax, etc. weaves these natural fibres 
into longer and stronger threads. In the cellulose of timber, the 
linear molecules are not oriented in one direction and have a random 
eeu anent Fig. 27-2 (b . Consequently, it is not suited for weaving 
threads. 


SS. Se erm eed 
Fig. 27-2. (a) Orderly arrangement (b) Random arrangement of 
of the linear cellulose molecules the linear cellulose molecules 
oriented along the axis of fibre in in timber. 


cotton, flax and hemp. 
7-7. Uses. Cellulose has very many applications : 
(1) Cellulose obtained from timber is used for making paper. 


(2) Finely divided cellulose, as wood flour. when mixed with 
appropriate binding materials, is manufactured in a variety of useful 
forms such as cardboard, hardboard, and other forms of value to tbe 
building industry. 

(3) Cellulose fibres from cotton, hemp, and flax are used to 
produce threads, textiles, and ropes. 


(4) Cellulose is used in the manufacture of rayon, cellophane, 
‘safety’ films, explosives, etc. 


7.8. Products of cellulose, Some products of cellulose of 
commercial importance are described in the following paragraphs : 


1. Rayon. This is the most important of all artificial fibres. 
In the commonest process, called the viscose process, wood pulp is 
treated with sodium hydroxide solution and carbon disulphide. The 
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resulting sticky liquid contains cellulose as the soluble sodium cellu- 
lose xanthate, and is called viscose. This is sprayed through tiny 
openings into a bath of sulphuric acid when the cellulose is regene- 
rated in the form of gossamer-like continuous fibres. Rayon thread 
is made from these fibres. The formation and decomposition of 
sodium cellulose xanthate can be shown by the following equations : 


S 
1 
(C6H1005)n + nCS2 + nNaOH —> (CeHg04—O—C—S-— Na)t+nH20 


cellulose sodium cellulose xanthate 
lanci 
(CeH3005)a + nNaCl + nCSa 


cellulose 
Tegenerated 


Asa fabric rayon is light, silky, easily laundered and a good 
conductor of heat. Rayon finds use not only in clothing but also 
for making tyre cord, tufted carpets, and hose pipes. 


2. Cellophane. If the viscose solution is extruded into the 
acid bath through a long fine slit, the cellulose is regenerated in the 
form ofa thin transparent sheet called cellophane. This is treated 
with glycerol to increase flexibility, and used as a material for 
wrappings. 


3. Paper. The cellulose used for making paper is obtained 
from wood, cotton rags, cereal straw, and similar materials. These 
are shredded and digested under pressure with calcium hydrogen 
sulphite. This dissolves the lignin and leaves the cellulose as wood 
pulp. The pulp is washed with water and bleached white with 
chlorine or sulphur dioxide. It is then run over screens that catch 
and mat the fibres into a continuous sheet as the water drains off. 
The sheet is dried by passing it over heated rollers. 


Many substance, such as rosin, aluminium sulphate, clay, 
barium sulphate, dyes, etc., are added to the pulp to produce paper 
of special properties. For example, rosin or glue is used as sizing 
to fill up the spaces between the cellulose fibres; this gives the paper a 
smooth finish and prevents ink from spreading on it. Glazed papers 
contain aluminium sulphate or clay, and waxed paper is impregnated 
with paraffin. 

4. Cellulose nitrates. When cellulose is treated with a mix- 
ture of concentrated nitric acid and sulphuric acid below 40°, nitrate 
esters are formed. The product is commonly called nitrocellulose, 
but is misnamed; it is nota nitroderivative but a nitrate ester of 
the OH groups. The degree of nitration in the product is determined 
by the percentage of nitrogen in a sample of it. A completely 
nitrated cellulose contains three nitro groups per glucose unit with a 
nitrogen content of about 14 per cent. 


The cellulose nitrates containing about 13 per cent nitrogen are 
explosives and are known as gum cotton, They are used in the 
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preparation of szmokeless powders which, upon explosion, give off 
only the colourless gases nitrogen, hydrogen, carbon monoxide, 
carbon dioxide, and steam, and no smoke, The ‘double base’ 
powders are mixtures of gun cotton and nitroglycerine. 


The products of lower nitration are soluble in 4 mixture of 
ethyl alcohol and ether, and are called pyroxylin. These are used as 
a plastic material in quick drying lacquers Celluloid is made by 
mixing dried pyroxylin with camphor and pigments, and then pressing 
the mixture into sheets or blocks. 


Cellulose nitrates were formerly used for making movie film, 
but have been displaced by cellulose acetate which is not so readily 
inflammable. 


i 5. Cellulose acetate. Cellulose acetate is made from cotton 
linters by the action of acetic anhydride in the presence of sulphuric 
acid as catalyst. The esterification of cellulose proceeds to the 
triacetate stage. When the reaction is complete, water is added to 
decompose the triacetate into the diacetate. This material is used 
for making non-inflammable photographic and cinema films, non- 
shatterable glass (safety glass), lacquers and varnishes, and as & 
moulding plastic for various objects. When it is dissolved in acetone 
and forced through fine opening into a current of warm air, the 
acetone evaporates leaving cellulose acetate as fine threads. This is 
acetate rayon or Celanese. 


Acetate rayon is expensive, but superior to viscose rayon in 
several respects. It makes warmer garments and shrinks much less 
when washed. It is softer and creases little. 


Questions 
1. (a) What is the description of carbohydrates from a structural point of 


view ? 
(b) Describe, with suitable examples, the classification of carbobydrates. 


2. (a) How is glucose prepared in the laboratory ? 

(b) How is glucose manufactured from starch ? 

(c) How would you show that— 

(i) glucose molecule contains 5 OH groups ? 

(ii) glucose molecule contains an aldehyde group ? (Give any two reactions). 
(d) Explain the use of glucose as a nutrient. 


3. (a) Discuss the structure of glucose. 
(5) List tbe important uses of glucose. 
4. (a) How is fructose prepared in the laboratory ? 
(b) How is fructose made on a large scale ? 
wh In what chemical reaction does fructose differ from glucose ? 
Write dow i i i 
of the Bei Sich uw RE o Poo ee et a E 
5. How could the following conversions be affected : 
'(a) glucose into fructose, and 
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(b) fructose into glucose. 
6. (a) Describe the isolation of cane sugar from sugarcane or beet. How 
is the product refined ? 
(b) What happens when sucrose is 
(i) heated alone, (ii) heated with conc. HsSO4, 
(ii) boiled with dil. H2SOu. (iv) heated with conc. HNOs, 
(v) boiled with acetic anhydride and sodium acetate ? 
(c) How is sugar recovered from molasses ? 
7. (a) Discuss the structure of sucrose. 
(5) Give the main uses of sucrose. 


8. (a) What is Molisch's test for carbohydrates ? 


(b) What test would you apply in order to distinguish between glucose 
and fructose ? 


(c How would you distinguish sucrose from glucose and fructose. 
9. (a) How is starch produced from potatoes ? From rice ? 

(b) Describe the hydrolysis of starch ? 

(c) Explain the use of starch as a nutrient. 

(d) What are dextrins ? 

(e) Give the main uses of starch. 


10. (a) How is pure cellulose obtained from cotton ? From wood ? 
(b) Describe the hydrolysis of cellulose. 


(c) How would you prove the presence of three free hydroxyl groups im- 
cellulose ? 


(d) Why does cellulose have no nutritive value ? 
(e) List the uses of cellulose. 


11. Describe the production of any two of the following products : 
(i) rayon. (ii) paper 
(iii) cellulose nitrates, (iv) cellulose acetate. 


Key 


5. (a) see Sec. 2°4, reaction 6, page 102. 


(b) Fructose can be converted into Glucose in the following steps : 
(1) reduction of fructose with hydrogen in the presence of nickel catalyst to: 
produce the hexahydric alcohol Sorbitol, (2) oxidation of Sorbitol with. 
H2Osz in the presence of ferric sulphate (Fenton's reagent). 


CH20H these rn 
d =0 CHOH CHOH 
2H | o I 
(CHOH), ——3 (CHOR) oc» (CHOH)s 
| Hs/Ni HaOs/Fe?* I 
CH:0H CH:0H CH:0H 


fructose sorbital glucose 
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Benzene and Chlorobenzene 


There is an important class of hydrocarbons that is basically 
different from the various classes cf itydrocarbons so far studied— 
the alkanes, alkenes, or alkynes. This classis the aromatic hydro- 
carbons or arenes. The distinctive structural features of the arenes 
or aromatic hydrocarbons are : (1) a much higher ratio of carbon 
to hydrogen than in any other class of hydrocarbons, and (2) a 
cyclic arrangement of six carbon atoms. These features are 
responsible for the distinctive chemical properties of the arenes. 


The general formula of the simple arenes which contain only one 


six-carbon ring, called the benzene ring. in the molecule is CnHgn—s- 
The first and the simplest member of this series has the molecular 
formula C,H,. Its name is benzene (so named because it can be 
obtained from benzoic acid which occurs in the naturally occurring 
substance gum benzoin). The next member of the series is toluene, 
C,H, or C,H,.CH;. 


1. The Molecular Structure of Benzene 


The molecular formula of benzene, from the analytical data, 
is CeHe. Modern methods of investigations have established that 
the six carbon atoms in the benzene molecule, each one attached to 
a hydrogen atom, are situated at the corners of a regular hexagon 
with 120° angles between each pair of bonds formed bya given 
hydrogen atom, and the angle between any two bonds formed by a 
carbon atom is 120°. In keeping with these facts and the tetravalency 
of carbon, the following two structures are possible for the benzene 
ring. 


i j 
CM C —H eme NE. 
puse | r 
MNA a He WEZ 
4 à 
(1) aD 
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Measurements by electron diffraction techniques have, however, 
shown all carbon-carbon bonds in benzene to be identical, with bond 
length midway between the C—C and C=C bond lengths. Benzene 
is therefore regarded as a resonance hybrid of the above two 
structures. For simplicity, however, either of these structures is used 
to represent benzene. In a further simplification, the symbols C and 
H are omitted and the benzene molecule represented by any one of 
the following diagrams : 


Q A Ó fie js (5) 


Whichever of these representations is used. it must be remembered 
that any of the six carbon-carbon bonds in the benzene is the same 
as any other and has properties unlike those of either a single bond 
ora double bond. In the condensed rings, both the carbon and the 
hydrogen atoms are understood to be located at each of the six 
corners. 


1-1, Delocalization of electrons in benzene, The facts that 
(1) the benzene ring is planar and highly symmetrical, (2) the six 
carbon-carbon bonds are identical, and (3) the C—C—C bond angles 
are all 120°, suggest that the carbon atoms in the benzene ring are in 
a state of sp? hybridization. Each carbon atom, therefore, has three 
sp? hybrid orbitals and one pure p orbital. The three sp? hybrid 
orbitals are used in forming three sigma bonds, two with the 
neighbouring carbon atoms by sp?-sp? overlapping of orbitals and 
one with a hydrogen atom by sp®-s overlapping of orbitals (Fig. 28-1). 
Each carbon atom is then left with one unhybridized p orbital 
(Fig. 28-2). 


EPA a C 
ne he YO 09 


Fig. 28-1. Sigma bonds in the Fig. 28-2. Unhybridized p orbitals on 
benzene molecule. carbon atoms in the benzene ring. 


The six unhybridized 2p: orbitals on the carbon atoms in the ring 
are parallel to each other and are perpendicular to the plane of the 
ring. Each one of these p: orbitals can overlap to form a x bond 
equally with the ps orbital on its right, or its left. Consequently all 
the six p orbitals overlap to give a hexagonal polycentric orbital 
system extending above and below the plane of the c-bonded carbon 
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ring (Fig. 28-3). Thus, their m-electrons are not localized between 
the adjacent carbon atoms; they are completely delocalized, or, 
spread out over all the carbon atoms. The participation of n electrons 
in the formation of two or more bonds is called election deloculiza- 
tion. The delocalized electrons of the carbon atoms form a doughnut 
shaped electron cloud above and below the plane of the ring) 
(Fig. 28-4). 


Fig. 28-3. Overlap between the 2p; Fig. 28-4, The electron cloud of 

orbitals of the six carbon atoms in delocalized x electrons of 

benzene ring (heavier lines indicate carbon atoms in benzene ring. 

c bonds between carbon atoms; The circle in the graphic for- 

lighter ones the overlap of 2p; mula signifies electron delocali- 
orbitals). zation in benzene. 


2. Aromatic Compounds 
Organic compounds containing six-carbon ring structure 


— c^ 
—C, [Sma 
us 

App 


are called aromatic compounds. It is interesting to note that the term 

aromatic’ originally came to be used because these substances were 
frequently derived from natural sources having a characteristic aroma. 
The term, however, continues to be used for all aromatic compounds, 
with or without odours. 


Aromatic compounds form the same classes as do the aliphatic 
compounds: the hydrocarbons, the halogen derivatives of hydro- 
carbons, hydroxy derivatives (alcohols and phenols), aldehydes, 
ketones, carboxylic acids and their derivatives, nitro compounds, 
amines, etc. However, the presence of the benzene ring profoundly 
influences the chemical behaviour of aromatic compounds which 
markedly differs from those of the aliphatic compounds of the same 
class, 

2-1, Sources of aromatic compounds, The major natural 
source of benzene and other aromatic hydrocarbons is coal. These 
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are not contained as such in the coal but are formed when coal is 
strongly heated in the absence of air to temperatures around 1000°C. 
The process yields coke-oven gas, coal tar, ammonia, water, and 
coke. The cool tar produced accounts for 3 to 6 per cent of the mass 
of the coal. It contains a large number of various aromatic hydro- 
carbons plus small amounts of some nitrogen and oxygen-containing 
organic compounds. 


Tn recent years petroleum has become another important source 
of aromatic hydrocarbons. Most petroleums contain some of the 
aromatic hydrocarbons which can be extracted by suitable processes. 
In addition, the aliphatic hvdrocarbons of petroleum occurring 
naturally and produced in the cracking process are also converted 
into aromatic hydrocarbons by catalytic reforming. 


The aromatic hydrocarbons obtained from coal tar and petro- 
leum are converted into various aromatic compounds by chemical 


treatment. 


3. Benzene, CoH, 

Benzene is the simplest and most important of the aromatic 
hydrocarbons, [tis the corner stone of the entire family of aromatic 
compounds, and all aromatic compounds can be finally simplified to 
benzene. 

3.1, Laboratory preparation. Benzene can be prepared in 
‘the laboratory by the following methods : 


1. By heating sodium benzoate strongly with soda lime; the 
benzene vapour distils over and condenses. 


^ 
CsHs.COONa + NaOH —— CsHe t + NasCOs 
sodium benzoate benzene 
"This method is analogous to the preparation of methane by the 
decarboxylation of sodium acetate.* 


2. By passing the vapour of phenol over heated zinc turnings. 
CeHsOH + Zn — CgHg + ZnO 


phenol benzene 


3. By passing acetylene under pressure through a tube heated 
‘to 400°C; the acetylene polymerizes to benzene. 
400° C 
3 C2H2 —> CoHe 
acetylene benzene 
É 3.2. Manufacture. (a) From coal tar. 'The coal tar is distilled 
into four liquid fractions. The fraction distilling over up to 170°C is 
called /ight oil, and contains mainly benzene, its homologues, and 


A 
CHs.COONa + NaOH —— CH 
PEE acetate (soda-lime) ASIN * NaCO; 
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pyriCiae. This fraction constitutes about 5 per cent of the weight of 
the coal tar. 


The light cil fraction is washed successively with concentrated 
sulphuric acid, water, sodium hydroxide, and water. The acid 
removes basic substances such as pyridine; the alkali removes phenols 
which are acidic in nature. The washed oil is now distilled. The 
fraction collected up to 110° C contains 70 per cent benzene, and 
30 per cent of its homologues. This fraction is carefully fractionated 
to separate pure benzene. 


(b) From petroleum. Many aliphatic hydrocarbons are pro- 
duced in the cracking of petroleum. Aliphatic hydrocarbons contaia- 
ing six carbon atoms in the molecule, e.g, n-hexane, are passed 
under 20-30 atm pressure over platinum deposited on alumina at a 
temperature of about 500? C. Under these conditions the aliphatic 
hydrocarbon cyclises to benzene, 


CH; CH 

HC CHs Pusovc, HC CH 
e XN TEC PATS 

HC  CHg 293040 HC CH 

NZ YZ 

CHo CH 


Probably, n-hexane is first dehydrogenated to the alkene before 
cyclisation occurs. 


Benzene homologues, e.g., toluene (CgH5.CHg), are similarly 
produced from other aliphatic hydrocarbons obtained from petroleum. 


. , 3-3, Physical properties, (1) Benzene is a colourless mobile 
liquid with a characteristic odour. 


_ (2) It boils at 80°C, and when cooled solidifies readily into 2 
white crystalline mass which melts at 5.5° C. 


(3) It is insoluble in and lighter than water. As such, when 
added to water, it forms a distinct layer above water. It is miscible 
with alcohol and ether in all proportions. 


(4) It is a good solvent for fats, resins, sulphur, iodine, and a 
large number of organic compounds. 


3.4, Physiological action. Benzene is decidedly toxic. Long 
exposure to benzene in low concentrations causes anaemia; continued 
exposure may have a fatal eflect. Absorption of benzene through 
the skin has similar effects. Mild poisoning by benzene is marked by 
nausea and dizziness; acute poisoning causes death by respiratory 
or heart failure. However, if adequate ventilation is available, 
benzene can be handled safely and without any unusual precaution 
whatsoever. 
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| 3-5, Reactions, The ring of six carbon atoms in the benzene 
molecule is highly stable and remains intact in most chemical 

| reactions. However, it can be saturated with hydrogen, and under 
sufficiently drastic conditions. may, be broken by oxidation. The 
remarkable stability of benzene is apparent from the fact that it is 
not affected by dilute acids or boiling aqueous alkalis, by ordinary 

| oxidizing or reducing agents, and does not decolorize bromine 
water. The hydrogen atoms in benzene can be replaced by a 
number of atoms and groups, such as —Cl, — NOs, —SO3H, etc- 


The important reactions of benzene are : 


1, Burning, Like all hydrocarbons, benzene burns in air 
producing carbon dioxide and water, 


3CgHgt 1502 > 12CO2+6H20 


The flame of burning benzene is smoky as free carbon is also pro- 
duced due to its high carbon content. 

2. Oxidation, Benzene is not attacked by chromic acid or 
alkaline permanganate (both powerful oxidizing agents) at room 
temperatures. It is only slowly oxidized by hot acidified permanga- 
nate to form oxalic and formic acids When a mixture of benzene 
vapour and oxygen is passed over a vanadium pentoxide (V205) 
catalyst at 400°, the benzene is oxidized to give maleic anhydride, 
carbon dioxide, and water. 


CH IN 
ÁN Da 
HC, SCH V,05, 400°C HC 
Io L +302————> l O + 2C0; + 2H:0 
| HC CH HO xw 
`Z Nz 
CH co 
benzene maleic anhydride 


3. Pyrolysis. When benzene yapour is passed through a red 
hot iron tube (800°) containing a catalyst, two molecules of it unite 
with a loss of hydrogen molecule to form biphenyl. 

800° 
2CeHg -——- CeHs.CeHs + He 
benzene biphenyl 


4. Addition reactions. The addition reactions of benzene 


involve — 
(i) Addition of hydrogen. Benzene adds hydrogen at about 
200°C in the presence of a nickel catalyst to form cyclohexane. 
Ni, 200° 


——-» CH: 
oe oe eyclohexai 


122 LS.C. CHEMISTRY VOL. II 


Or, 
H H H 
| m. 
H—C C-H Ni, 200°C, 2d cc 
| i] + 3H: H | | H 
H-C —H Bod b ,H 
i oo 
H AN 
benzene cyclohexane 


(ii) Additions of halogen. In bright sunlight (which is rich in 
ultraviolet light), benzene forms addition products with chlorine and 
bromine, forming benezenehexachloride, CeHeClg, and benzenchexa- 
bromide, CgHgBrg, respectively. 


ultraviolet 
CeHe + 3Cl ——— ——. CeHsClg 
benzene benzenchexachloride 
ultraviolet 


He + 3Br — C, HBr 
Hte benzenehexabromide 


Or, 
" H Br 
A / 
H H 
H-C C—H ultraviolet P: x 
n-6 bg * 3288 — Br BE 
-C - H 
NA Se cc 
e Br/ \/ Br 
E 
H 
benzene "af 


benzenchexabromide 


Benzenehexachloride is a white solid Which exists in a number of 
isomeric forms. One of these is a powerful insecticide sold under 
the name ‘Gammexane’ or ‘BHC’, 


Todine does not form addition products with benzene. 


(iii) Addition of ozone. When ozonized oxygen is bubbled into 
benzene, the latter behaves as a compound containing three double 
bonds forming a triozonide. 


Sis, + 20 cian 


A 
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Benzene triozonide is an unstable compound, and is readily hydro- 
dyzed to give glyoxal. 


NDA; V: 
l| (el p EQ edge 
uA A AC No 
benzene _ . benzene triozonide glyoxal 


(3molecules) 


5. Substitution reactions. In the substitution reactions of 
benzene, the substituent atom or group is always an electrophilic 
(electron-loving or electron seeking) agent. These correspond to 
the substitution reactions of saturated compounds, Some typical: 
reactions are : 

(i) Halogenation. When chlorine is bubbled into benzene at 
foom temperature in diffused light in the presence of a catalyst 
(often called a "halogen carrier") such as iron filings, iodine, or 
Aluminium chloride, monochlorobenzene is formed. 


Fe 
— HCI + HCI 
A ples HR io 


nzene 
CH CH 
IS oS Fe AN 
HC CH Ci-c -- pe ga + HCI 
I-T 
HC CH HC CH 
\Z Vv 
CH CH 
benzene monochlorobenzene 


‘Prolonged chlorination, under these conditions causes further substi- 

tution, giving dichlorobenzene, CaHaCls, trichlorobenzene, CeHaCls, 

M Bromine also reacts with benzene under similar conditions, 

forming bromobenzenes, but iodine is not readily substituted into 
in this way. 


Fe +Br, 
‘CHa + Bro ——-- HBr + CeHsBr ——-+ HBr + CoHa4Brs, etc. 


"Chloro- and bromobenzenes are heavy, insoluble oily substances. 


(ii) Nitration. When benzene is treated with a mixture of 
concentrated nitric and sulphuric acids (called nitrating acid, one 
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of its hydrogen atom is replaced by the univalent nitro-group,. 
— NOs, to form nitrobenzene. 


H,S0, 
CeHe + HNOs ——— CeHs.NOg + H30 


benzene nitrobenzene 
or, 
CH CH 
AX VAN 
HC CH H,SO, HC C.NO2 
I l + HO.NO» ——- | ll +H20 
HC CH nitric acid HC CH 
NZ 7 
CH CH 
benzene nitrobenzene 


Prolonged heating with the nitrating acid gives dinitrobenzene, 
CaHa4(NOs)e. Trinitrobenzene, CgsHs(NO2)s, is eventually formed if 
benzene is heated with a mixture of fuming nitric acid and concen- 
trated sulphuric acid. ^ 

It must be appreciated that nitration, unlike esterification, is. 
not a reversible reaction. The function of sulphuric acid in the 
nitrating acid is not to prevent a back reaction, but to prevent 
dilution of nitric acid by taking up the water as it is formed. 

(ii) Sulphonation. When benzene is treated with fuming 
sulphuric acid (oleum) at room temperature, one of the hydrogen 1s 
replaced by a sulphonic acid group, — SOsH. The resulting compound. 
is called benzenesulphonic acid. 


CeHe + HaSOs—> CeHs.SOsH + H20 


benzene (in oleum) benzene sulphonic acid 
or CH CH 
HC, CH + HO.S03H — HC C.SOsH + H2O 
HC\/CH H CH 
CH CH 
benzene benzenesulphoric acid 


Benzenesulphonic acid is a colourless deliquescent solid, readily 
soluble in water, and is a strong monobasicacid. Sulphonation is 
therefore employed for the conversion of ar insoluble aromatic 
hydrocarbon into a water-soluble compound. 


, (iv) Alkylation. When benzene is treated with an alkyl chloride 
in the presence of anhydrous aluminium chloride as catalyst 
replacement of hydrogen atom by an alkyl group occurs forming 8 
higher homologue of benzene. 


AICI 
C4Hg + CHCl — CoHs.CHs + HCI 
benzene methyl methylbenzene 
chloride or, toluene 
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or CH CH - 
HC CH + CL.CHs HC, C.CH3 
um aes + HCl 
—- 
HC CH HC CH 
CH CH 
benzene toluene 


a AICI, 

Similarly, ^ CgHg + CaHgCl ———> CeHs.CoH; + HCI 
benzene ethy! chloride ethylbenzene 

This reaction is called Friedel and Crafts reaction, In fact, it 

isa general reaction, and any compound containing a reactive halo- 

gen atom, such as acetyl chloride, can be used in place of alkyl 

chloride. Thus, benzene reacts with acetyl chloride to give aceto- 

phenone or phenyl* methyl ketone, 


AICI, 
Cae + CHgCOCI —> C4Hs.CO.CHs + HCI 


benzene acetyl chloride acetophenone 
(phenyl-methyl ketone) 


3.6, Mechanism of substitution in the benzene ring. 
The substitution in the benzene ring (i.e., replacement of hydrogen) 
is brought about by strong oxidizing agent such as bromine or a 
mixture of hot concentrated sulphuric acid and nitric acid. Such 
reactions involve the attack of a strong iuc (electron-lovin; 
reagent** on the benzene molecule. The mechanism of electrophilic 


substitution involves the following sequence of steps : 


i. Generation of an electrophile, E*. ; 
ii. The attack of the electrophile on the benzene ring resulting 
in the formation of an intermediate carbonium jont, 


ET 
+ Et—— NH 
1 * 


iii. Loss of a proton by the intermediate carbonium ion to yield 
the substitution product. 


5 J jy 
ps ES $ + Ht 
+ 


*The monovalent group of atoms obtained from benzene by the removal . 
of one hydrogen atom, —CeH5, is called phenyl. 

** An electrophilic reagent is one which is 
at centres of high electron density. 

***A carbonium ion is a positive group jn which a carbon atom possesses a 
sextet of electrons, and, hence, has à positive charge. 


an electron acceptor and reacts 


-- 
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Nitration. The mixture of concentrated nitric and sulphuric 
acids contains some nitronium ion, NOs*, formed by an acid-base- 
equilibrium reaction in which sulphuric acid acts as the acid and the 
weaker nitric acid as the base. 

f H—0- N04 + 2H4804 —— NOs* + H30* + 2HSO47 

The nitronium ion serves as the electrophilic agent or electro- 
phile in the formation of nitrobenzene. 


7 NO 
HSO,- 3 
| 1+ No; — NO, |, +Ha504 
+ 
benzene benzenenitronium ion nitrobenzene 
Resonance in the benzenenitronium ion may be indicated by the- 
following contributing forms : 
H 


H H |. JH 
x / 
18 aie {pro A (o | 


Halogenation. In chlorination, the electron-seeking agent is. 
thechloronium ion, Cl*, formed from ferric chloride (catalyst) and 
chlorine. 

FeClg+Cle ——> [FeCl] +Cl* 

Itis not necessary to postulate an existence for CI* for any 
longer time than is required for it to attach itself to the ring, forming. 
the carbonium ion. The unstable carbonium ion loses a proton, 
Ht, to form the stable bromobenzene. 


H 
< FeCl4 e 
+ Cit —> [ Cp + HCI + FeCls 


benzene benzenechloronium chlorobenzene 


. As in the case of benzenenitronium ion, the contributing struc- 
tures of the benzenechloronium ion are : 


H 
E JH ^ sj JH» 
+ 


In bromination, the electrophile is the bromonium ion, Br*.- 
formed from bromine and ferric bromide (catalyst). 
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3-7, Uses, The important uses of benzene are : 


(1) As a raw material to the vast organic chemical industry. 
Benzene is the initial material for synthesizing very many organic 
compounds: chlorobenzene, nitrobenzene, aniline, phenol, benzene- 
hexachloride (BHC), DDT, nylon, dyestuffs, medicines, agricultural 
chemicals, detergents, monomers* for the production of high poly- 
mers, etc. 


2. As a solvent for oils, fats, resins, rubber, sulphur, iodine, ete, 
3. As an additive to petrol. 


4. Derivatives of Benzene 


In writing the formula of a substitution product of benzene it is 
conventional to show only the substituents attached to the benzene 
ring; the carbon and hydrogen atoms on the ring are omitted, Thus, 
monochlorobenzene, CgHsCl, and toluene (methyl benzene), 
CgHs5.CHsg, are shown as 


CH3 


cl 
respectively. 


(1) Mono-derivatives. All the six hydrogen atoms in the 
benzene molecule are absolutely equivalent. erefore, rs one 
monosubstituted derivative is formed, no matter which of A = 
hydrogen atoms of benzene i$ replaced. As. such, m of the 
following formulae of chlorobenzene, CeHsCl, are identical : 


CI 


9 COCOS 0 


i i hich 
i-derivatives. In this case three isomers are possible w! 
differ (Dn dirent positions ofthe substituent atoms in relation to 


i by Friedel and 
b. t important monomer is ethylbenzene made 
Craft's One Say s 125. It is dehydrogenated by passing it at 600*C over a 


catalyst of metallic oxides. pec 
H,CH, ——> C,Hy-CH=CH, + H, 
ciie Se 


pound, i lled 
, is polymerized into a thermoplastic, ca. 
polystyrene (Ga CH CH, M is extensively used for rp proie 
and for making parts of refrigerators and radios, toys, and o! i 
goods. 
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‘ach other. Thus, there are three isomeric dichlorobenzenes, 
represented by the following formulae : 


cl cl Ci 
Cl 
ci 
CI 
orthodichlorobenzene metadichlorobenzene paradichlorobenzene 
(o-dichlorobenzene) (m-dichlorobenzene) (p-dichlorobenzere) 


Jf the two substituent atoms or groups are attached to adjacent 
carbon atoms, the isomer is designated as ortho (o-). 


Ifthe two substituents are attached to carbon atoms in the 
next-but-one position (i.e., separated from each other by one carbon 
atom), the isomer is designated as meta (m-). 


Finally, if the substituents are attached to carbon atoms 
separated from each other by two carbon atoms (i.e., those which 
are diametrically opposite each other), the isomer is designated as 


para (p-). 


These position isomers, as they are called, are often distin- 
guished by numbering the carbon atoms in the benzene ring in a 
clockwise direction. The numbering begins with the carbon atom 
where initial substitution is assumed to have taken place. This 
carbon atom is numbered one. The three isomeric dichlorobenzenes 
are then named as follows : 


1 a Ci ci 
6 2 Cl 
$ 3 CI 
4 CI 
1, 2-dichloro- i, 3-dichloro- 1, 4-dichloro- 
benzene benzene benzene 


(3) Tri-derivatives. When three hydrogen atoms in the benzene 
molecule are replaced by identical atoms or groups, three isomers 
are possible. The formulae of the three isomeric trichloro-benzenes, 
CgH Cs, are 


1 Ci Cl Cl. 
6 2 Ch Cl 
s 3 cl CI Cl 
4 cl 
1,2, 3-trichloro 1, 2,4-trichloro 1, 3, 5-trichloro 
benzene benzene benzene 


Three isomers are also possible for the tetra-substituted deri- 
vatives of benzene (with identical substituents). The penta- and 
nex - substituted derivatives do not exhibit isomerism (why ?) 


SENZENE AND CHLOROBENZENE 129 


5. Orientating or Directing Effect of Groups 


If chlorobenzene, CgHs5Cl, is nitrated, three isomeric nitro- 
chlorobenzenes, CsHa(NOg)Cl. are obtained*. Two of these three 
isomers, the ortho and the para, are formed in relatively large 
quantities (29 and 70 per cent, respectively), the meta isomer is 
produced in negligible amounts, 


CI Ci Cl cl 
HNO, NO» 
ec 5 5 
[H4804] NOs 
V NOS 
o-nitrochloro- m-nitrochloro- p-nitrochloro- 
benzene benzene benzene 
(about 29%) (about 1%) (about 70%) 


On the other hand, if nitrobenzene, CeHsNOz, is halogenated 
with chlorine, the meranitrochlorobenzene is produced to the extent 
of about 93 per cent, while the amounts of the ortho and para 
isomers are insignificant. 


NO2 NO2 NO2 NOg 
Cl, CI ; 
; , 
Fe le 
CI 
»nitrochloro- m-nitrochloro- p-nitrochloro- 
5 poe Ši benzene benzene 
(about 6%) (about 93%) (about 1%) 


The obvious conclusion is that the group already present he 
the benzene ring exercises some sort of directing influence upon we 
second entering group. The chlorine atom directs the gute ae 
group to take up ortho and para positions in Ceo "take 
position, the nitro group directs the entering chlorine atoms to 
Up meta position in preference to the ortho and para Lane pee s 
good empirical rule for predicting the directing sed di br 
is that groups containing double or triple bonds are meta-drer aod 
others are ortho, para-directing. Table 28-1 lists ee eben 
substituent atoms or groups according to their directive influences. 


irecti s 
It is also significant that the ortho, para-directing group! 

facilitate further substicution in the benzene ring; D. ad 

groups retard it. Thus, phenol (CeHsOH), aniline (CeHs! oan 

toluene (CgHs-CHs) readily form substitution products; nitro 

can be further nitrated only with difficulty. 


\ 


o make sure that three and 


ee S 
*Try drawing various possible structures t 
only three different structures can be drawn. 
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Table 28-1 Directing influence of groups 
Ortho, para-directing Meta-directing 
Name formula Name formula 
7 
Hydroxyl —OH Nitro ERN 
o 
AP 
Amino —NH, Carboxyl ES. 
OH 
[9] 
Alkyl —R Aldehydic -cf 
SH 
F (6) 
Halogens —C] 
—Br Ketonic =C "d 
zz] NR 
[0] 
Sulphonic acid —s£ on 
No 


6. Difference between Aliphatic and Aromatic 
Hydrocarbons 


1, Saturated/unsaturated character. Aliphatic hydro- 
carbons are of both saturated and unsaturated types ; in compo- 
sition, benzene and other aromatic hydrocarbons are unsaturated. 
The general formula of the benzene series hydrocarbons is CnHen-¢ 
which represents a far greater degree of unsaturation than even 
the alkynes which have the general formula CnHon-g. However, 
the unsaturated character of aromatic hydrocarbons is of a wholly 
different kind than that of aliphatic hydrocarbons, and gives rise to 
the so-called ‘aromatic character’. It is manifested in the resistance 
towards the formation of addition products with hydrogen, halogens, 
and the halogen acids. 


2. Nitration and  sulphonation. Aromatic hydrocarbons 
readily undergo substitution reactions with concentrated nitric acid 
and sulphuric acid at quite moderate temperatures to form nitro- 
derivatives and sulphonic acids respectively. Aliphatic hydrocarbons, 
in general, do not react with these acids in a like manner. 


3. Friedel and Craft's reaction, In the presence of anhy- 
drous aluminium chloride, aromatic hydrocarbons react with 
compounds containing a reactive halogen atom, such asan alkyl 
chloride (RCI) or an acyl chloride (ROCI, e.g., CHs.COCI), to give: 
Corresponding derivatives. Aliphatic hydrocarbons do not give 
Friedel and Craft's reaction. 


4. Reactivity of halides. Aliphatic halides, such as ethyl 
bromide, are very reactive and the halogen atom in them is readily 


BENZENE AND CHLOROBENZENS 131 


replaced by many other atoms and groups. The aromatic halides 
containing the halogen atom directly linked to the benzene ring are 
rather chemically inert. 


5. Oxidation, With the exception of benzene, the aromatic 
hydrocarbons such as CaHs.CHs, CaHs.CsHs, etc., are easily oxidized 
to benzoic acid. Aliphatic hydrocarbons are resistant to oxidation. 


6. The influence of the phenyl group (C6H5). Compounds 
containing the phenyl group are appreciably more acidic than the 
corresponding aliphatic compounds. Thus (a) phenol, CeHgOH, is 
acidic; methyl alcohol, CH3OH, is neutral, (b) benzoic acid, 
CsH;.COOH, isa strong acid; acetic acid, CHs.COOH, is a weak 
acid, and (c) aniline, CgHs. NH», is far less basic than methylamine, 
CH3.NHge. 


7. Nature of primary amines. Aromatic primary amines, 
such as aniline (CgHs.NHe), form diazo-compounds with nitrous 
acid; aliphatic primary amines do not give diazo compounds. 


7. Chlorobenzene, Phenyl chloride, CoH;Cl 


1-l. Laboratory preparation, (a) By direct chlorination of 
benzene. Chlorine is passed into benzene in the presence of a 
halogen carrier such as iron filings, anhydrous aluminium chloride, 
or pyridine. The reaction is exothermic and cooling may be 
necessary to prevent formation of dichlorobenzene. Direct light 
must be excluded to avoid addition reactions. 


Fe 
CeHg + Cle ——> CeHsCl + HCl 


When the theoretical increase in weight has occurred the product 
is poured into cold water and separated, It is washed first with 
sodium hydroxide solution and then with water, dried with anhy- 
drous calcium chloride, and fractionally distilled. 

(b) By the decomposition of benzenediazonium chloride, Benzene- 
diazonium chloride is made by dissolving aniline in excess of 
hydrochloric acid, cooling the solution to 0°C, and adding sodium 
nitrite solution. The nitrous acid produced from sodium nitrite and 
hydrochloric acid reacts with aniline hydrochloride to give benzene- 
diazonium chloride. si , 

CeHs.NHe + HCl > CeHs5.NH3Cl (aniline hydrochloride) 
NO, - CsHs5.NeCl + 2H20 
CE FAE benzenediazonium 
hydrochloride hydrochloride 
The b diazonium chloride solution is slowly added to a 
solution $005 cupidus chloride in concentrated sulphuric acid 
cont: ined ina flask. The-mixture is then heated on boiling water 
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bath under a reflux condenser to complete the decomposition of 
benzenediazonium chloride to chlorobenzene. 


Cu, Cl, 
gNaC| ———> CeHsC! + Net 
benzenediazonium chloride chlorobenzene 


The chlorobenzene formed is recovered bv steam distillation as an 
oily liquid. It is separated from water in the distillate, dried over 
anhydrous calcium chioride, and then distilled using air condenser. 


1-2. Manufacture. Chlorobenzene is made industrially by 
passing a mixture of benzene vapour, hydrogen chloride, and air 
over a catalyst of copper chloride (Raschig process). 


ul 

2CsHe 42HCI + 102 —>2CoHsCl + H20 

benezene chlorobenzene 

1-3, Physical properties. (1) Chlorobenzene is a colourless, 
pleasant-smelling boiling liquid, b.p. 132°. 


(2) It is heavier than and insoluble in water but is freely 
miscible with alcohol and ether. 


(3) It is volatile in steam. 


1.4, Reactions, The chlorine atom in chlorobenzene is very 
firmly held to the benzene ring. As such, under ordinary conditions, 
the replacement reactions which occur readily with alkyl halides 
e.g, ethyl chloride, do not take place with chlorobenzene. Thus, 
it is unaffected by boiling alkalis, aqueous or alcoholic, or by 
alcoholic solutions of ammonia, potassium cyanide, etc. However, 
under drastic conditions it is possible to replace the chlorine atom in 
chlorobenzene by —OH or —NHia groups. 


The main reactions of chlorobenzene can be described under 
the following headings : 


E 1. Substitution on the ring. The chlorine in chlorobenzene 
is ortho, para-directing. However, the rate of substitution is less 
tban it is in benzene. 


(a) Chlorination. The chlorination of chlorobenzene with iron 
as catalyst gives a mixture of mainly ortho- and para-dichloro- 
benzenes. 


cl cl C 
Fe Cl 
+ Cl, —> and | 
cl 


chlorobenzene o-dichlorobenzene ^ p-dichlorobenzene 
(3975) 5%) 


£N 
D 3 
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___ (b) Nitration. The nitration of chlorobenzene with concentrated 
nitric acid-sulphuric acid mixture gives mainly o, ho- and para- 
chloronitrobenzenes. 


Cl cl Ci 
H,SO, NO, 
+ HNO; ——> and 
NO» 
chiorobenzene o-chloronitrobenzene ^ p-chloronitrobenzene 


2. Replaeement of —Cl. (a) By —OH. When chlorobenzene 
is heated with aqueous sodium hydroxide to 350°C and 200 atm. 
pressure, the chlorine is replaced by hydroxyl group to give phenol. 


350^, 200 atm. P 
CHCI + NaOH ———————> CHOH + NaCl 
phenol 


chlorobenzene 


(b) By —NHs. The chlorine in chlorobenzene can be replaced 
by —NHg group by heating it with ammonia under 350 atm 
pressure in the temperature ranging from 250 to 350°C. The 
product is aniline, CgHs.NHg. This reaction is catalysed by cuprous 


oxide. 
CeHsCl + H.NHa > CsHs5.NHe + HCI 
(HCI + NH3) > NHaCI 
cl NHe 
300°, 350 atm. P 
or, TO2NEHS BRE + NH,CI 
chlorobenzene aniline 


3. Reduction, When treated with nascent hydrogen from 
sodium amalgam and aqueous-alkaline alcohol, chlorobenzene is 
reduced to benzene. 


CHCI + 2H] > CoHe + HCI 
cl 
or, + MH] — Q + HCI 


chlorobenzene benzene S 
itti ion is simi rtz 
4, Wurtz-Fittig reaction, The reaction 1s similar to Wu 
> action for the synthesis of alkanes. Thus, when metallic sodium 
i added toa dry ethereal solution of chlorobenzene and methyl 
chloride, methylbenzene or toluene i$ formed. 


j 2Na + CLCHs > CgHs.CHs + 2NaCl 
cu C E methyl chloride toluene 
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CI CH3 
or, + 2Na + Cl.CH3 —— + 2NaCl 


5, Formation of Gringard reagent. When chlorobenzene is 
added to a suspension of magnesium in dry ether, phenylmagnesium 
chloride is formed. 


dry ether 
CeHsCl + Mg —- CgHs.Mg.Cl 


6. Formation of D.D.T, When chlorobenzene is heated with 
anhydrous chloral (trichloro-acetaldehyde) in the presence of excess 
of concentrated sulphuric acid, two molecules of chlorobenzene 
condense with one molecule of chloral to give dichlorodiphenyltri- 
chloroethane. This substance, usually abbreviated to D.D.T., is a 
well known insecticide. 


H i eas H pal 


| conc. H,SO, | 
CCls.C—O + — — CCls.C 
NEAR bg 
iu Cre o 
chlorobenze (2 mol) p-dichlorodiphenyltrichloroethane 
(D.D.T.) 


15, Uses. Chlorobenzene is used in the manufacture of 
phenol, aniline, D.D.T. (an (insecticide), and p-dichlorobenzene (a 
powerful moth-repellent). 


Questions 
1. (a) What structural features distinguish aromatic hydrocarbons from 
aliphatic hydrocarbons ? 


(b) Explain with one example the term 'aromatic compounds'. 
(c) Write the general formula of arenes and the formulae and names of 
the first two arenes. 


2. (a) What does the graphic formula for benzene signify . 


(b) What is the value of the C—C—C angle in benzene? What does this 
value suggest ? 
3. (a) What are main sources of organic compounds ? 


(b) Write any one reaction by which benzene can be prepared in the 
laboratory. Giv2 balanced chemical equation for the reaction. 


(c) Give one addition and one substitution reaction for benzene. 


(d) What is B.H.C.? What is it used for ? Write its structural 
formula ? 


*" 
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4. Two compounds A and B have the same empirical formula CH. A is 

a gaseous aliphatic compound with molecular weight 26; B is a liquid and an 

fremde compound with molecular weight 78. Both of them burn with a sooty 
ame. 


(a) Give the names of A and B. 

(b) Write the molecular structures of A and B. 

(c) Wiil A ordinarily undergo addition reactions or subtitution reactions ? 

(d) Will B ordinarily undergo addition reactions or substitution reactions ? 

(e) What will be the products when B is treated with— — 

I. conc. nitric acid in the presence of conc. sulphuric acid, 

ii. chlorine in the presence of iron, and 

iii. faming sulphuric acid ? 

1 5. Show by means of equations the various steps involved in the mecha- 
nism of nitration or chlorination of the benzene nucleus. 

E ,6. Explain with suitable examples three main differences between the 
iiphatic and the aromatic compounds. 

7. (a) What happens when— 

i. sodium benzoate is heated with soda-lime, 
ii. benzene is heated with methyl chloride in the presence of anhydrous 
AICI, as catalyst, 

iii. vapours of phenol are passed over heated zinc. 

iv. benzene is heated with a mixture of concentrated nitric acid concen- 

trated sulphuric acids ? 

8. Write the structural formulae of (a) toluene, and (b) DDT, : ; 

9. Write a short note on either ‘the mono-derivatives, di-derivatives, and 
tri-derivatives of benzene’ or ‘the orienting effect of groups in the benzene 
aucleus’, 

10. (a) Describe in brief two methods for the preparation of chloro- 
benzene. 

(b) How are the following subtances made from chlorobenzene ? 


i. Dichlorobenze iv. Phenol 
ii. Aniline v. Benzene 
iii. Toluene vi. DDT. 

Key 


1. See introduction to chapter 28. J 

2. (a) This graphic formula signifies electron delocalization ín benzene, 
l.e., the participitation of x electrons in the formation of two bonds, 

(b) 120° ; it suggests sp? hybridization of carbon atoms. 

4. (a) A is acetylene; B is benzene. 

(b) A: H—C=C—H; 


Be 
i 1 
H—C C-H H—C] |C—H 
e> 
H—c H H- H 
c c 
! l 
H H 


(c) Aon reactions. 
d) Substitution reactions. " e 
o i. nitrobenzene, ii. chlorobeazene, iii. benzenesulphuric acid. 


Aromatic Nitrogen Compounds 


Among the various types of aromatic compcunds containing 
nitrogen, we shall consider in this chapter the representative 
compounds of two simplest classes of aromatic nitrogen com- 
pounds which are of great importance in aromatic chemistry. These 
are the nitro«compounds which contain the —NO, group attached 
to benzene nucleus, and the ary? amines which have the primary 
amino group, —NH,, linked directly to 2 carbon atom of the 
benzene ring. 


The aromatic nitro compounds are not only widely used as explo- 
sives but are also the main sources of aromatic amines which are 
the basic materials for the preparation of azo dyes. 


NITROBENZENE, CgHsNO3 


1. Preparation of Nitrobenzene 


1-1. Laboratory preparation, Nitrobenzene is prepared in 
Jaboratory by nitrating benzene with a mixture of concentrated nitric 
acid and concentrated sulphuric acid. 


H,SO, 
CgHg + HNOs ———- C,Hs.NOs + H2O 


benzene nitrobenzene 


Benzene is added a little at a time to a cooled mixture of the 
two concentrated acids in a round-bottom flask, with thorough 
shaking after each addition. Heat is evolved and the fiask has to be 
cooled in a water-bath to keep the temperature below 50°C, or 
dinitrobenzene will also be formed. When all the benzene has 
been added the flask is fitted with a reflux condenser and heated for 
about an hour in a water-bath maintained at 60°C to complete the 
reaction. The contents of ihe flask are allowed to cool and then 
poured into a large excess of cold water. The lower oily layer of 
nitrobenzene is stirred vigorously and the upper aqueous layer de- 
canted. The product is then shaken in turn in a separating funnel 
with water and sodium carbonate solution to remove any acids, until 
no further effervescence occurs. lt is now dried with anhydrous 


(136) 
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calcium chloride and filtered. Crude  nitrobenzene containing 
traces of water is mixed with a little anhydrous zinc chloride and 
distilled in a flask fitted with an air condenser (Fig 29-1). The 
fraction distilling over between 207° and 211° is collected, this 
being almost pure nitrobenzene, 


nitrobenzene 
mixed with 
anhydrous 


nitro- 
benzene 


Fig.29-1. Distillation of crude nitrobenzene. 

1-2, Manufacture, Ona commercial scale also nitrobenzene 
is prepared by the nitration of benzene. The nitration is carried out 
in big cast-iron vessels, called nitrators, fitted with stirrers (Fig. 29-2). 
The mixture of concentrated nitric acid and concentrated sulphuric 
acid is placed in the vessel anda calculated quantity of benzenc 
slowly run in. The reaction mixture is cooled either by internal 
zooling coils or by running water between the double walls of the 


: Y 


Spent acid 


Fig. 29-2. Nitrator (cross-section). 
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nitrator. At the end, the spent acids are run out and the nitro- 
benzene layer withdrawn. The nitrobenzene is washed free of acids 
and then exposed to a current of steam until free from benzene. 


2. Physical Properties of Nitrobenzene 


1. Nitrobenzene is a yellowish liquid with an odour resembling 
that of bitter almonds, b.p. 210°C; sp. gr. 1°20. 

2. It is insoluble in water, but readily dissolves in alcohol, 
ether, and benzene. 

3. It is posionous, especially as a vapour. 
3. Reactions of Nitrobenzene 


1. Substitution on benzene ring. The benzene ring in nitro- 
benzene can be halogenated, nitrated, and sulphonated in the usual 
ways. In each case tho mera substitution product is mainly formed. 


NO» NOg NO2 
Cl, conc. HNO, 
—— — 
Fe] [conc. H,SO,]} 
a! E NOs 
m-chloronitrobenzene nitrobenzene m-dinitrobenzene 
| fuming 
4 sulphuric acid 
NO2 


au 


menitrobenzenesulphonic acid 


2. Reduction, Nitrobenzene gives a variety of products upon 
reduction depending upon the reducing agent employed. 


(1) In acid solution. The reduction of nitrobenzene with iron 
(or tin) and concentrated hydrochloric acid converts the —NOa 
group to —NHe group, to give aniline, CHs.NH». 


Fe/HCI 
CeHs.NO2 + 6[H] ———~> CeHs.NHe + 2H30 
nitrobenzene aniline 
(ii) In neutral solution. When reduced with zinc dust and 
ammonium chloride solution, nitrobenzene yields phenylhydroxyl- 
amine. Reduction with aluminium-mercury couple also gives the 
same product. 


Zn/H,O 
CeHs.NOs + 4[H] ———> CeHs.NHOH + H20 
nitrobenzene phenylhydroxylamine 


_ (iii) In alkaline solution. Three different reduction products 
of nitrobenzene can be obtained by reduction in alkaline solution. 
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a. Azoxybenzene is obtained when nitrobenzene is refluxed 
with sodium methoxide (CH3ONa) in methyl alcohol solution. 


CgHsNO2 CH,ONa CeH5—N 
———— ll + 3H30 
CeH5NOs CHOH  CgHg—N—O 
nitrobenzene (2 mol) azoxybenzene 


b. Azobenzene is formed by reducing nitrobenzene with zinc 
dust, sodium hydroxide, and methyl alcohol. 
CesHsNO2 Zn/NaOH CeHs5.N 
+ 8[H > ] + 4H$0 
CeHsNO2 CH;OH CgH;.N 
nitrobenzene (2 mol) azobenzene 
c. Hydrazobenzene is produced by the reduction of nitroben- 
zene with zinc dust and sodium bydroxide solution. 


CeHsNO2 Zn|]NaOH CeH;.NH 
+ 10H] ——— | + 4420 
CegHsNO2 / CeHs.NH . 
nitrobenzene * hydrazobenzene 
(2 mol) 


4. Tests for Nitrobenzene 


Nitrobenzene is identified by its pale-yellow colour and bitter- 
almond odour. The presence of the nitro group in the molecule can 
be established by the following tests : 


l. The compound is boiled with zinc dust and ammonium 
chloride solution, and filtered. The filtrate is warmed with Fehling 
solution. The formation of a red precipitate of cuprous oxide shows 
the presence of the nitro group. In these reactions, the nitrobenzene 
w reduced to phenylhydroxylamine which reduces the Fehling 
solution. 


2. The compound is treated with tin and concentrated hydro- 
chloric acid. The reaction mixture is cooled in an ice-bath and a 
little sodium nitrite solution is added followed by the addition of a 
IM dron of alkaline -naphthol solution. An orange-red dye is 
ormed. 


5. Uses of Nitrobenzene 
l. For scenting cheap soaps. 


2. For making shoe-polishes; nitrobenzene is an ideal solvent 
for the dye as it penetrates the leather well. 


3. For making floor polishes. 


4. For the. manufacture of aniline and hydrazobenzene, both 
by reduction. ; 

5. As a high-boiling solvent and as a idizi i 
b n oxidizing agent ia 
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ANILINE, CgHs.NH2 


Aniline is the simplest aromatic primary amine and a substance 
of great industrial importance. It was first obtained by the destruc- 
tive distillation of indigo with lime. The name ‘aniline’ is derived 
from the Spanish word anil* for indigo which itself was derived from 
the Sanskrit word'Neel? 


6. Preparation of Aniline 


1, By the reduction of nitrobenzene under acidic conditions. 
Tha reducing agents in common use are: (a) tin and hydrochloric 
acid, (b) stannous chloride and hydrochloric acid, (c) iron and 
hydrochloric acid, (d) zinc and acetic acid. 
CeHs.NO2 + 6[H] > CeHs.NH2 + 2H20 
nitrobenzene aniline 
2. By the action of ammonia on chlorobenzene at 250° to 350°C 
and under a pressure of about 350 atmospheres. 
CeHsC!l + 2NH3 — CgHs.NHe + NH4CI 
chlorobenzene aniline 
3. By the action of ammonia on phenol at about 300° in the 
presence of anhydrous zinc chloride. 
ZnCl, 
CsHsOH + NH3 — CgHs5-NHe + H20 


phenol 300° aniline 


4. By the action of bromine and caustic potash on benzamide 

(Hoffmann reaction), 
Br,/KOH 
CgHs.CONH, ————> C.H5.NHe 
benzamide aniline 

§-i. Laboratory preparation. Aniline is prepared in the 
laboratory by the reduction of nitrobenzene, using tin and concen- 
trated hydrochloric acid as the reducing agent. The tin reats with 


hydrochloric acid to give stannous chloride, itself a powerful reduc 
ing agent. 


Sn + 2HCI > SnCl + 2[H] 
SnCle + 2HCI > SnCig + 2[H] 
CgHs.NO, + 6[H] > CgHs.NH2 + 2H20 


__ Nitrebenzene and tin are placed in a round-bottom flask fitted 
with a reflux condenser, The required quantity of concentrated 
hydrochloric acid is added a little at a time via the condenser, and 
the mixture gently shaken after each addition. The flask is inter- 
mittently cooled by immersion in cold water. When all the acid has 
been added the condenser is removed and the open flask heated in a 
boiling water-bath for about nalf an hour to complete the reduction. 


*Indigo was grown only in India ard the Spanish word itself was derived 
‘rom the Sanskrit neel for this material. 
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The aniline is now present as its chlorostannate, (CsH5.NH3)s: 

1 i A Hs. 3)e.SnClg. 
It is liberated by adding an excess of sodium hydroxide solution 5 
the cooled mixture,* and recovered by steam distillation (Fig. 29-3). 


j seem 


= 


steam and aniline 
vapour 


ii 


water ana 
pure aniline 


impure 7 
aniline | 
| 


Fig. 29-3. Steam distillation of aniline. 


The distillate consisting of a milky emulsien of aniline and water is 
shaken several times with ether in a separifing funnel, and the upper ethereal 
layer transferred each time into a conical flask. The ethereal solution of aniline 
is dried with pellets of caustic potash (aniline reacts both with calcium chloride 
and acidic drying agents). The clear liquid is distilled on a water-bath to drive 
off ether. The residual aniline is distilled by direct heating over a wire gauge 
using an air condenser. The fraction boiling over 180—185° is collected; it is 
pure aniline, 


6-2, Manufacture. Two methods are in use. 


l. By the reduction of nitrobenzene. (a) Nitrobenzene is 
reduced with concentrated hydrochloric acid and iron filings (instead 
of the more expensive tin used in the laboratory preparation). When 
the reduction is complete, slaked lime is added in excess, and the 
contents steam distilled. The aniline is recovered from the distillate 
by distillation under reduced pressure, ether extraction of aniline 


being uneconomical. 


(b) Nitrobenzene is dissolved in ethyl alcohol and a catalyst 
of platinum or nickel suspended in the solution. Hydrogen is passed 
into the suspension at two or three atmospheres pressure, when 
nitrobenzene is almost quantitatively reduced to aniline. The catalvst 
is recovered by filtration, and the aniline is separated from the 
alcohol by fractional distillation. 

Pt or Ni 
CgHs.NOz + 3Ho ——— CgHs-NH2 + 2H20 
nitrobenzene aniline 

2. By the ammonolysis of chlorobenzene. Chiorobeazene. is 
heated with a large excess of aqueous ammonia to 2007-350 under 
a pressure of about 350 atmospheres, in the presence of cuprous 


*(C,H,.NH;),SnCl, + 2NaOH + 2C,H,.NH; + Na,Sacl, + 2H,O 
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chloride. The chlorine atom in chlorobenzene is replaced by the 
amino group, yielding aniline. 
300°, 350 atm P 
CgHs.C! + 2NH3 — ——-— > CgHs.NHe + NH,Ci 


7. Physical Properties of Aniline 


1, Freshly prepared aniline is a colourless liquid, b.p. 184°C, 
with a typical aromatic smell. On exposure to air and light it 
darkens in colour, slowly turning yellow, brown, and finally black 
owing to oxidation. 

2. Itis only very slightly soluble in water, but it dissolves 
readily in alcohol and ether. 


3, It is volatile in steam, 
4, It is poisonous, both in the liquid and vapour states. 


8. Reactions of Aniline 


l. As a base. Aniline has basic properties owing to the un- 
shared pair of electrons on the nitrogen atom of the amino group. 
It accepts a proton from water with the formation of a slight con- 
centration of hydroxyl ion. 

CgH5.NHe + HOH = [CgHs.NH3]OH = [CgH;5.NHa]* + OHT 

aniline water  anilinium hydroxide ^ anilinium ion hydroxide ion 
However, aniline is a much weaker base than the aliphatic amines 
owing to the influence of the electron-attracting phenyl group. Its 
aqueous solution does not turn litmus blue, although it readily forms 
soluble, crystalline salts with acids. Since aniline is only weakly basic, 
its salts are all appreciably hydrolysed in solution giving a strong acid 
reaction. For the same reason the salt aniline carbonate is not form- 
ed. The most important salt of aniline is the hydrochloride which 
separates as a white solid when aniline is treated with concentrated 
hydrochloric acid. 

CeH;.NHe + HCl - [CgHs.NHa3]CI 
aniline anilinium chloride 
(phenylammonium chloride) 


This salt is usually called aniline hydrochloride and is represented by 
the formula CgHs.NHs.HCl. Two other salts of aniline are : 
[CeHs.NHs]sSO., anilinium sulphate or phenylammonium 
sulphate. 
ii. [CeHsg. NHag]NOs, anilinium nitrate or phenylammonium 
nitrate. 


These salts are all decomposed to aniline by adding excess of sodium 
hydroxide solution in the coid. For example, 
[CgH5-NHs]C! + NaOH — CgHs5.NH2 + NaCl + H20 
Aniline also forms sparingly soluble double salts with chloro- 
platinic acid, HoPtClg, and with the hydrochloric acid solutions of 


b 
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gold chloride and copper chloride (these solutions contain HAuCl4 
and HaCuCl4 respectively). The formulae of these salts are : 

[CgHs. NHg];PtClg,[CgH s. NH3]AuCIa, and [CsH5.NH3.]2CuCl4 

2, Acetylation. When aniline is treated with acetyl chloride 
or with acetic anhydride, acetanilide is formed by the replacement 
of one of the hydrogen atoms of —NH» group by an acetyl group 

CeHs. NH + Cl.COCHs — CgHs.NH.COCH3 + HCI 
aniline acetyl chloride acetanilide 

3. Benzoylation. When aniline is shaken with benzoyl chloride 
and excess of sodium hydroxide solution, benzanilide is formed as a 
white precipitate. 

CeHs.NHe + CICOCsHs > CgHs.NH.COC$H; + HCI 

aniline benzoyl chloride benzanilide 
This reaction is also called Schotten-Baumann reaction. 

4. Alkylation. Aniline reacts with alkyl halides to yield alkyl- 
anilines and quaternary ammonium salts. The reactions occur when 
aniline is heated with an alkyl halide in a sealed tube. With methyl 
iodide, for example, the following products are formed : 


CH,L CH;I 
CeHs.NHe —- CeHs.NHCHs3 —-- CgHs.N(CH3)s 
aniline —HI methylaniline —HI dimethylaniline 
ena 

[CcHs. N(CH3)s]*17 


quaternary sait 

5. Carbylamine reaction. Aniline gives the usual carbylamine 
reaction for aliphatic primary amines when warmed with chloroform 
and alcoholic potassium hydroxide, forming evil-smelling phenyl 
Isocyanide. ; 
CeHs.NHe + CHCls + 3KOH — C6H5.NC + 3KCI + 3H20 

aniline chloroform phenyl isocyanide 

6. Condensation with aldehydes. Aniline condenses with 
benzaldehyde and also with aliphatic aldehydes when heated on a 
water bath. 

CoHs.N|He + OJHC.CeHs ——> C;Hs.N — CH.C69Hs-4- H20 


aniline benzaldehyde benzylidene aniline 
CoHs.NH. 
With aliphatic aldehydes, compounds such a$ /CH.CHs 
` CeHs.NH 


are formed. 

7. Diazotization. When aniline dissolved in excess of dilute 
hydrochloric acid is treated with sodium nitrite solution at 0—S°C, it 
reacts with the nitrous acid formed to give benzenediazonium. 
chloride in solution 

CeHs. NH» + HNOs + HCl —- CeHs.N=NCI + 2HsO 

aniline porene azoni 
loride 
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When the solution is heated the diazonium compound decom- 

poses to give phenol. 
CeHs5.NeCl + HOH ——> CsHsOH + HCI + Net 
phenol 

8. Halogenation. The amino group attached to the benzene 
ring facilitates further substitution on it. Thus when aniline is 
treated with chlorine water or bromine water, a white precipitate of 
trichloro- or tribromo-aniline is immediately formed. For example 


NH NHe 
. Br, Br + 3HBr 
+ 3Brg —— 
Br 
aniline 2,4,6—tribromoaniline 


9. Nitration. Aniline cannot be nitrated as such since it is 
rapidly oxidized and charred by concentrated nitric acid. It is 
therefore first acetylated (to protect the reactive amino group) and 
then nitrated in the usual! manner. - The product yields ortho- and 
pue nitroanilines when hydrolySed with hot 70 per cent sulphuric 
acid. 


NH» NH.COCH, NH.COCHs NH.COCHs 


CH;COCI conc. HNO; NO;, 
D CUNT EX SETUP and 
conc. H,SO, 


NO2 
aniline acetanilide ; o-nitroacetanilide  p-nitroacetanilide 
"T | 
H,O H,0 
Vt ied 
NH2 NH; 
B Q 
) NO 
o-nitroaniline p-nitroaniline 


mpe Sulphonaticn.. When heated with fuming sulphuric acid, 
aniline forms sulphanilic acid b para-substitution. 


NH» NH 
ae 
| + HS0 —+] | + mo 
ES 
SOH 
aniline sulpharilic acid 


Fur. acid is used in preparation of dyes and sulphanilamide 
rugs. 
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1l. Oxidation. Aniline is easily oxidized (it darkens by atmos- 
pheric oxidation), but the product depends on the oxidizing agent 
used. 

(i) Bleaching powder, or sodium hypochlorite solution, oxidizes 
aniline to a violet-coloured substance (Runge’s test for aniline). 

(i) Acidified potassium dichromate oxidizes aniline to benzo- 
quinone, C&H40». 

(iii) Further oxidation produces a black dye, called aniline 
black. 


9; Tests for Aniline 


1. It gives carbylamine reaction. 

2. When treated with a few drops of a suspension of bleaching 
powder, aniline gives a purple colour which soon fades on standing. 

3. On adding potassium dichromate to a solution of aniline in 
sulphuric acid, a dark colour is produced. 

4. When aniline is shaken with excess of bromine water, a 
light pink precipitate of tribromoaniline is formed. 


5. When an ice-cold solution of aniline in hydrochloric acid 
is treated with sodium nitrite and then a few drops of alkaline 
solution of &-naphthol added to the mixture, a brilliant red colour is 
obtained, 


10. Uses of Aniline 


1. In the manufacture of antioxidants and vulcanization 
acceleraters for rubber industry. 

2. For making dyes, particularly azo dyes. 

3. For making acetanilide, sulphanilic acid, nitroanilines, and 
sulpha drugs. 


11. Comparison of Aniline and Aliphatic Primary 
Amines. 


A. Similarities, Following reactions are given by both aniline 
and aliphatic primary amines, such as ethylamine. 


le Formation. of salts with acids, e.g., CoHs.NH3Ci and 
C2H5. NHaCI. 

2. Isocyanide reaction, With chloroform and caustic potash. 
aniline gives phenyl isocyanide, CgHs.NC; ethylamine gives ethyl 
isocvanide, CaHs. NC. 
lation. aniline gives acetanilide. CgH5.NH.COCHs; 
ethylamine gives ethy! acetamide, CoH5.NH.COCHsg. 

4. Benzoylation. Aniline gives benzanilide, CgHs.NH.CO.CgHs; 
ethylamine gives CoHs.NH.CO.CgHs. 

5. Reactions with alkyl halides. Yn both cases quaternary salts 
are the ultimate products; {CsHsN(C2Hs)s]*I” and [(C3H5)4 N] I 
with ethyl iodide. 
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B. Differences. Aniline differs from aliphatic primary amines 
in the following respects : 

1. Physical properties. Aliphatic primary amines are low-boiling 
substances with the odour of ammonia, and very soluble in water. 
Aniline is a high-boiling liquid with an aromatic smell, and only 
slightly soluble in water. 

2. Basic character. Aliphatic amines have pronounced basic 
properties; in contrast, aniline is a very weak base. 


3. Reaction with nitrous acid. When treated with nitrous acid, 
aliphatic amines give alcohols, e.g., 


CeHsNH2 + HNO2 —> CgH50H + H20 + Ne 


aniline gives diazonium- salts such as benzenediazonium chloride, 
CeHsN2Cl. 


4. Reactions of benzene ring. Aniline undergoes halogenation, 
nitration, and sulphonation; these reactions are not given by aliphatic 
amines. 


5. Oxidation. Aniline is readily oxidized giving various coloured 


products with various oxidizing agents; aliphatic amines are not easily 
oxidized. 


Questions 
1. (a) How can you prepare a dry sample of nitrobenzene in the 
laboratory ? 
(b) Mention two physical properites of nitrobenzene. 


(c) Give two reactions of nitrobenzene in which substitution occurs on the 
benzene ring. 


2. Indicate a method by which each of the following conversions may be 
effected. Give balanced equation for the reactions. 
i. Benzene to nitrobenzene. 
ii. Nitrobenzene to aniline. 
lii. Aniline to acetanilide. 
3. (a) How is aniline prepared in the laboratory. 


,, (D Discuss the basic nature of aniline. Why does it not form the salt 
aniline carbonate ? 


(c) Give the names and formulae of products obtained by the bromination 
and sulphonation of aniline. 


4. Write balanced equations, indicating the names of organic reactants and 
products, for the following reactions : 


1. Nitration of aniline. 
2. Carbylamine reaction. 
3. Alkylation of aniline. 


5. (a) How would you distinguish between nitrobenzene and aniline by 
a chemical test ? 


(6) Give two important uses each of aniline and nitrobenzene. 


oo 


30 


Phenol, Benzaldehyde, and 
Benzoic Acid 


Phenol, benzaldehyde, and benzoic acid are the representative 
compounds ofthe important classes of aromatic compounds, the 
phenols, the aromatic aldehydes, and the aromatic monocarboxylic 
acids respectively. 

Phenols are the hydroxy derivatives of aromatic hydrocarbons in 
which the hydroxyl group is directly linked to carbon atoms of the 
benzene ring. If the hydroxy! group is linked to the benzene ring 
by a carbon atom as part of a side chain, the compound is not a 
phenol but an aromatic alcohol, e.g., benzy! alcohol. 


ho CH,OH 
c 
HC, CH HC, CH 
HC CH Hc CH 
CH CH 
phenol benzyl alcohol 


enol is that it was the first compound 
to be employed specifically as an antiseptic (Lister, 1867) under the 
name carbolic acid. Now it has been largely replaced for this 
purpose by many more effective and safer phenol derivatives. 

of all aromatic carboxylic acids, and 


Benzoic acid is the simplest € X 
consists of a benzene ring with a carboxyl group directly attached 


to it. 


An interesting fact about ph 


COOH 


the simplest of all aromatic aldehydes and 


Benzaldehyde is 
enzalds Hye tly attached to the benzene ring. 


consists of an aldehyde group direci 
CHO 


(147) 
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1. Preparation of Phenol 
1-1, Laboratory preparation, Two methods are available : 


1. By the hydrolysis a. diazonium salt. Aniline is dissolved in 
dilute sulphuric acid and the solution treated with a slight excess of 
sodium nitrite solution at 0—5^C. The resulting benzendiazonium 
hydrogen sulphate is hydrolysed to phenol by warming the solution 


to 50-60°C. 


CoHsNoHSO, + HOH —- CeH5OH + H»SO4 + Net 

benzenediazonium phenol 

hydrogen sulphate 
The phenol is separated from tarry products by steam distillation, 
and extracted with ether. The ethereal solution is dried with an- 
hydrous potassium carbonate and then distilled using an air 
condenser, 


2. From sodium benzenesulphonate. Benzene is sulphonated to 
benzenesulphonic acid which is converted to its sodium salt. Sodium 
benzenesulphonate is fused with sodium hydroxide at 250°C ina 
nickel crucible, when sodium phenate is formed. 

250° 

CoHs.SOsNa + 2NaOH —> CoHs.ONa + Na2SO3 + H20 
sodium benzenesulphonate sodium phenate 
The residue is dissolved in water and acidified to liberate phenol, 
which separates as an oily layer. 

CeH;-ONa + HCl —-* CeHsOH + NaCl 
sodium phenate Phenol 

3. From Grignard reagents. Phenol is formed when ʻa phenyl- 
magnesium halide (Grignard reagent) is treated with oxygen and 
the resulting product hydrolysed with a mineral acid. For example, 


40, H | OH jou 
CoHs.MgBr —~> CoHs-OMgBr —> CeHsOH+ MgC 
pbctviciaenesiin phenol Br 
romi! 


1-2. Manufacture, Phenol is commercially prepared from the 
following sources : 


1. From coal-tar. The middle-oil distillation fraction of coal-tar 
collected between 170-230°C contains phenol (CeHsOH), isomeric 
cresols* (CH3.CeHa.OH), and naphthalene (CypHg). The naphthalene 


*These are hydroxytoluenes (0, m, p), and the next homologues of phenol 


CH; 3 CH; 
OH 
OH 
O-cresol m-cresol OH 
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is removed from the middle-oil by crystallization and the residue 
shaken with sodium hydroxide solution, which dissolves the phenols. 
For example, 
CHOH + NaOH —-> CgHsONa + H0 
The aqueous layer is separated and saturated with carbon dioxide to 
liberate the phenols. 
2CeHgONa + COs + H20 —-> 2C6H5OH + NaCO 

Phenol is isolated from the resulting mixture by fractional distillation, 
Crystals of pure phenol are deposited on cooling the distillate. 

Formerly all phenol was obtained from coal-tar, but the demand 
for phenol now far exceeds the supply of it from this source. As such 
other industrial processes are also in regular use for its preparation, 

2. From chlorobenzene. Chlorobenzene is hydrolyzed to phenol 
by heating it with sodium hydroxide solution to 300—350°C under a 
pressure of 200 atmospheres (Dow process). 

300°C, 200 atm P. 
CoHsCl + 2NaOH ——— —— —— CoHsONa + NaCl + H20 

The phenol is liberated from its sodium salt by carbon 
dioxide, and removed from the other reaction products by steam 
distillation. ; 

3. From benzene. A mixture of benzene 
chloride, and air is passed over à copper cata 
chlorobenzene is formed. 


vapour, hydrogen 
lyst at 230°C, when 


Cu, 230° 
2CaHa fe SHE ate OP e 2C«HsCI + 2H2O 
benzene (from air) chlorobenzene nu 
The chlorobenzene is hydrolyzed to phenol by mixing it with steam 
and passing the mixture over à silicon catalyst at 500°C 
Si, 500° j 
CoHs HO —— CHO + HCI 
ch eus T ; phenol (regenerated) 

This German process, called. Raschig process, is unique in. that 
it consumes only air and benzene in the preparation of phenol, The 
method, like the Dow process (see above), uses chlorobenzene as an 
intermediate product, but prepares the compound by the air oxidation 
of hydrochloric acid which is regenerated in the hydrolysis of 


chlorobenzene, 
4. From sodium benezenesulphonate. The commercial method 
differs from the laboratory preparation of pheno! from this compound 
described above in certain details. In the first step, benzenesulphonic 
acid is made by heating benzene with concentrated sulphuric acid 
to about 175?. The high tem rature employed is. not required for 
sulphonation but is used to shift the equilibrium to the right by 
removing the water as it “spiel 
175" 
^8 = CeHs.SO3H + H20 
aL T Bs Bensensaniphonic acid 


benzene 
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The sulphonic acid is converted to the sodium salt which is then 
fused cs sodium hydroxide at about 300* to yield sodium phenate 
CeHsONa 


300° 
CeHs.SOsNa + 2NaOH —-> CsHsONa + NasSO3 + H2O 
sodium d sodium phenate 
The sodium sulphite, NasSOs, obtained in the reaction is used to 
convert the next batch of benzenesulphonic acid to its sodium salt. 


2CeHs.SOsH + NasSOs -> 2C6Hs.SOsNa + H20 + SOs 


The sulphur dioxide evolved is passed into sodium phenate solution 
to liberate phenol. 


2CeHsONa + H30 + SO: > gi searag + NagSOs 

sodium phenate 

5. From isopropylbenzene ERNA Benzene and propylene 
are combined into isopropylbenzene or cumene by compressing 
to 8 UE ae and passing over a catalyst of phosphoric acid 
at 2 


CHs 
CHC 
CH3 
3PO. 
+ CH CHe CH; 2-94 
benzene propene isopropylbenzene (cumene) 


The cumene, under slightly ‘basic conditions, is oxidized by air to 
cumene hydroperoxide, which is decomposed into phenol and acetone 
by treatment with sulphuric acid. 


"s 
HsC—CH—CHs iC-C-CHs 


| 
= Loa 
Ton n CHs— 3 


cumene phenol acetone 
iparoneroxie 


2. Physical Properties of Phenol 

1. Phenol is a colourless hygroscopic, crystalline solid, m.p. 
42°C, b.p. 181°C, with a characteristic odour. On exposure to light 
and air it develops a slight pink colour due to partial oxidation. 

2. It is only moderately soluble in water at room tempe- 
rature, but is completely miscible with it above 68°C, the critical 
solution temperature. It dissolves readily in alcohol, ether, and 
benzene. 

3. It is poisonous and blisters the skin on contact. 
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3. Reactions of Phenol 

The chemical reactions of benzene fall into two broad groups: 
(1) those which involve the hydroxy! group, and (2) those which 
produce substitution on the benzene ring. 

A. Reactions of the hydroxyl group. These are : 

lI. Asan acid. Phenol is very weakly acidic, dissociating in 
aqueous solution into the phenoxide and hydrogen ions. 

CeHsOH = CeHsO” + Ht 
It dissolves in alkalis forming salts called phenates or phenoxides, 
For example, 
CQHgOH + NaOH -» CeH,ONa + HO 
sodium te 


phenol 
(sodium Tene 


However, it is weaker than even carbonic acid* and does not affect 
litmus. Phenol can be liberated from its salts by the introduction 
of carbon dioxide in solution, a reaction often used to separate 
phenol from a more strongly acidic compound such as benzoic acid. 
2CgHsONa + HO + COs + 2C&H5OH + NagCOs 
2. Reaction with sodium. In dry ethereal solution phenol reacts 
with sodium, liberating hydrogen and forming sodium phenate, 
2CgHsOH + 2Na —> 2CgHsONa + Het 
3. Reduction to benzene, Phenol is reduced to benezene when 
its vapour is passed over red-hot zinc dust, 
CoHsOH + Zn > CeHe-+ ZnO 
phenol benzene 
4. Ether formation. The sodium salt of phenol, sodium phenate, 
reacts with alkv! halides (such as ethyl iodide) to give owe 
CeHsON ICsHs + Colls.0.CoHs + 
gr de Tay jodi phenyl ethyl ether 
with 
5. Acetylation (ester formation). Phenol readily reacts 
acetyl chloride or acetic anhydride to give the ester, pheny! acetate. 


CICOCHs -* C«Hs.COO.CHs + HCI 
CHOH + CICO e CERT acre An 
6. B. latíon. If phenol is shaken with benzoy t 
excess of poe hydroxide solution, it is benzoylated to give the 
ester, phenyl benzoate (Schotten- Baumann Rees, 1s 
1,COCsHs — CoHs.COO.CeHs + 
co + CU ice phenyl benzoate i 
: ith pentachloride. Phenol reacts wi 
NER s ai room temperature to give phenyl ch 
chlorobenzene) and hydrogen chloride. 


+ POCls + HCl f 
CsHsOH + PCs CHE 


: <The lonmation consiant of phenol (K) is 13x107^, that of carbonic 


acid is 4:3 x 1077. 


pe" 
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The yield of phenyl chloride is poor, the main product being triphenyl phosphate. 


3C,H,OH + POC —- , (CyH,)sPO. + 3HCI 
phenol triphenyl phosphate 


8. Reaction with ammonia. When phenol is heated with 
ammonia to 306°C in an autoclave in the presence of zinc chloride 
as the catalyst, it is converted into aniline. 

300°, ZnCl, 

CsHsOH + NH3 — — CgHs.NHe + H20 

phenol aniline 

8, Reactions of ring substitution, The main reactions of 
this class are : . 

1. Halogenation. When an aqueous solution of phenol is 
treated with chlorine water or bromine water, a white precipitate of 
2, 4, 6—trichloro- or tribromophenol is immediately formed. 


OH nón 
ro [e 
HC CH Br.C| C.Br 
+ 3Bre — + 3HBr 
HC CH HC CH 
CH C.Br 
phenol 2, 4, 6-tribromophenol 


Or, more simply, 
OH OH 


Br Br 
+ 3Bro > + 3HBr 


Br 


2. Nitration. When phenol is treated with moderately concen- 
trated nitric acid, a mixture of ortho- and para-nitrophenols, is 
formed. Concentrated nitric acid forms 2, 4-dinitrophenol, and 
concentrated nitric acid in the presence of concentrated sulphuric 
acid gives 2, 4, 6-trinitrophenol, commonly known as picric acid.* 


OH OH OH OH OH 
: fu Q ats | 20 
—— d —— —— 
; NO; NO2 NO» 


phenol o-nitrophenol p-nitrophenol 2, 4-dinitro- 2, 4, 6-trinitro- 
phenol phenol 


*The nitro groups on the benzene ring increase the dissociation of the OH 
groups, so that nitrophenols are more strongly acidic than phenol. Unlike phenol, 
they liberate carbon dioxide from sodium carbonate solution. They are all bright 
yellow in colour. Trinitrophenol, m.p. 122°C, is a fairly strong acid, usually 
called picric acid. It is used as a high explosive, as a dye to colour wool or silk 
yellow, „and as an antiseptic in the treatment of burns. 
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3. Sulphonation. When treated with concentrated sulphuric acid 
phenol gives a mixture of ortho- and para-phenolsulphonic acids. 


OH OH OH 
Q TAE Ge Q | 
Heec ne 4 


SO3H 
phenol o-phenolsluphonic p-phenolsulphonic 
acid acid 
When hydrogen is passed through phenol at 


4. Hydrogenation. 
finely divided nickel catalyst, cyclohexanol, 


150°C in the presence of a 


CeH110H, is produced. 
OH H OH 
L 22 
H H 
HC/ CH Sed NGC 
Bue rere es al ^H 
HCA JCH AM H 
CH da AK 
phenol (C,HsOH) Č H 
YN 
H H 
cyclohexanol (C,Hi,0H) 


Cyclohexanol is a secondary alcohol (functional group, 
7 CHOH) and does not belong to the class of phenols. 

5. Kolbe's reaction. When the sodium salt of phenol, sodium 
phenate, is heated to about 200°C in a stream of carbon dioxide, a 
carboxyl group is introduced in the benzene ring giving sodium 


salicylate. 
ONa as 
j ! 
H H . 200° HC(/ 4C.COOH 
3 K S E O a eh 
HC! CH HCA JCH 


en phenate sodium salicylate 
Or, more simply 
ONa ONa 
COOH 


Q + Co Q 
sodium salicylate 


sodium phenate 
6. Condensation with phthalic anhydride. 
phthalic anhydride and a suitable debydrating agent 


When heated with 
(e.g. concentrated 


154 LS.C. CHEMISTRY VOL. ll 


sulphuric acid), phenol will undergo a condensation reaction to form 
phenolphthalein. 


A. PK COT md 


CO C= conc. H,SO, CO C +H20 
C 26 5 = 
H 
phthalic phenol phenolphthalein 


anhydride (2 mol) 


4. Tests for Phenol 


1. Phenol has a characteristic ‘carbolic’ odour. 


.. 2. An adqueous solution of phenol gives purple coloration 
with ferric chloride solution, and immediate white precipitate (of 
tribromophenol) with bromine water. 


3. When phenolis heated with phthalic anhydride and a drop 
of concentrated sulphuric acid, phenolphthalein is formed. This 
producesa pink colour upon addition of an excess of alkali solution. 


4. Liebermann’s ‘nitroso’ reaction. A little phenol is heated with 
a little sodium nitrite and a few drops of concentrated sulphuric acid. 
A bluish green or intense blue colour develops. When the product 
is poured into water the colour changes to red, turning blue again 
when excess of alkali is added. 


5. Uses of Phenol 


l. In the manufacture of phenolic resins and plastics. Under 
carefully controlled conditions phenol condenses and polymerizes 
with formaldehyde, giving the plastic ‘Bakelite’. 


. 2. In the manufacture of several drugs (e.g., aspirin, phenacitin, 
sodium salicylate, etc.), azo dyes, picric acid, cyclohexanol (used to 
make nylon), etc. 


3. Compounds made from phenol are used as photographic 
developers (e g., o- and p-aminophenols), perfumes, flavouring agents, 
detergents, wood preservatives, and selective weedkillers. 


4. As a disinfectant in dilute aqueous solutions to disinfect 
Premises, furniture, surgical instruments, etc. 


6. Comparison of Phenol with Aliphatic Alcohols 


Pheno! resembles aliphatic alcohols in some properties but 
differs from them in others. In Table 30-1, the properties and reac- 
tions of phenol are compared with those of a typical aliphatic primary 
alcohol, ethyl alcohol. 


Table 26-1 


) 
j 


Property/Reaction 


1. Odour 
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Comparison of phenol and ethyl alcohol 


Phenol, C,H,OH Ethyl alcohol, C,H,OH 
E ——M————— 

Characteristic ‘carbolic’ Wine-like odour. 

odour, 

Partially miscible. Miscible in all proportions, 


2. Miscibility with 
water (20*C). 


3. With alkalis 


4. Action of sodium 


5. Reduction to 
hydrocarbon 


‘6. With alkyl halides 


7. Action of 
CH;COCI 


8. Action of 
C,H,COCI 
and NaOH 


9. Action of PCI, 
10. Hydrogenation 


11. Action of chlorine 
water or bromine 
water. 


12. Action of nitric 
acid. 


13. Action of sulphuric 
acid. 


14. Kobe's reaction 
15. With phthalic an- 
hydride 


16. Action of organic 
acids 


17. Action of halogen 
ee HCI, 
Br, HI. 
18. Iodoform reaction 
19. Action of aq. FeCl, 


20. Action of alkaline 
KMnO,. 


21. Dehydrogenation 


Weakly acidic, forms salts. Neutral, does not form salts. 


Forms sodium derivative, Forms sodium derivative, 
C,H,ONa and hydrogen. C,H,ONa and hydrogen. 


Reduced to benzene, C,H,, Reduced to ethane, C,H, 
when heated with zinc. when refluxed with Hl. 


Sodium salt reacts to give Sodium derivative reacts 
phenyl ethyl ether to give diethyl ether. 


Acetylates readily to give — Acetylates readily to give 
the ester, phenyl acetate, the ester ethyl acetate. 


Benzoylates readily to give Benzoylates readily to give 
phenyl benzonate, ethyl benzoate. 


Slow reaction, poor yield Vigorous reaction, high 
of C,H,CI. yield of C,H,Cl. 


Adds hydrogen to give Does not add hydrogen. 
cyclohexanol. 


Immediately give a white None. 
precipitate of tricbloro or 


tribromophenol. 

Nitration occurs. None 
Sulphonation occurs. None. 

Gives salicylic acid. Does not occur. 


Condenses in presences of |. No reaction. 
Shee) to give phenol- 


pthal 

None. Forms ethyl esters. 
None. Forms alky! halides. 
Does not occur. Occurs readily. 
Purple coloration. None 

Gives several products. None 

Does not occur. Gives acctaldehyde. 


p 
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BENZALDEHYDE, CeHs.CHO 


7. Preparation of Benzaldekyde 


7-1, Laboratory preparation (1) Benzaldehyde is usually 
made in the laboratory by boiling benzyl chloride with a solution of 
cupric nitrate or lead nitrate under reflux for several hours. First, 
benzy! chloride is hydrolyzed to give benzyl alcohol and then benzyl 
alcohol is oxidized to benzaldehyde. 

CeHs.CHaCI + H3O > CeHs.CH;0H + HCI 


benzyl chloride benzyl alcohol 
CsHs5.CH20H + [0] > CeHs.CHO + H20 
benzyl alcohol benzaldehyde 


A stream of carbon dioxide is passed through the mixture to 
remove oxides of nitrogen formed by the decomposition of the metal 
nitrate. The benzaldehyde is extracted with ether, dried over 
anhydrous calcium chloride, and distilled. It can be further purified 
by forming a crystalline addition compound with sodium bisulphite 
and distilling the compound with dilute sulphuric acid. 


(2) By oxidizing toluene with chromyl chloride, CrOsClo, or 
hs ois dioxide and moderately concentrated sulphuric acid 
at 40°C. 

CeHs.CHa + 2[0] > CeHs.CHO + HzO 
toluene benzaldhyde 
The benzaldehyde formed is removed by extraction with a solvent. 


7-2, Manufacture, Benzaldehyde is manufactured by the 
oxidation of toluene. In one process, the oxidation is, effected by 
warming benzaldehyde with manganese dioxide and sulphuric acid. 
In another one, toluene is oxidized directly by passing its vapour, 
mixed with air and excess of nitrogen, over a catalyst of manganese 
dioxide or vanadium pentoxide at 500°C. 


eee o, WOES CeHs.CHO + H20 


toluene benzaldehyde 
8: Physical Properties of Benzaldehyde 
1]. Benzaldehyde is a colourless liquid, with a smell of bitter 
almonds; b.p. 179°C, sp. gr. 1°05. 
2. It is only sparingly soluble in water, but dissolves rea 
organic solvents. 


dily in 


3. It is volatile in steam. 


9. Reactions of Benzaldehyde 


The reactions. of benzaldehyde are those of the —CHO group 
and the benzene nucleus. In some of the reactions due to —CHO 
group, benzaldehyde resembles aliphatic aldehydes, while in others it 


differs from them. 
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9-1, Reactions of — CHO group common with aliphatic 
aldehydes 


1. Oxidation. Upon exposure to the air at room temperature 
benzaldehyde is finally oxidized to benzoic acid. The oxidation 
occurs rapidly when benzaldehyde is warmed with acidified potassium 
permanganate solution. 

CeHs.CHO + [O] > CeHs.COOH 
benzaldehyde benzoic acid 

Due to the ease of its oxidation, benzaldehyde is a strong 
reducing agent. It reduces Tollen's reagent (ammoniacal silver 
uitrate) forming a mirror of silver. However, it does not reduce 
Fehling's solutions. 

2. Reduction. When treated with sodium amalgam and water 
benzaldehyde is reduced to benzyl alcohol (—CHO-* CH30H). 

CeHs.CHO + 2[H] — CeHs.CH20H 

benzaldehyde benzvi alcohol 
A stronger reducing agent such as amalgamated zir c and concentrated 
hydrochloric acid reduces benzaldehyde to tolwne (Clemmensen 
reduction) 

CeHs.CHO + 4[H] > CeHs.CHs + H30 

3. Addition reactions. Benzaldehyde forms addition compounds 
with hydrogen cyanide and sodium bisulphite. 

CeHs.CHO + HCN — CeH3(OH)CN 


benzaldehyde benzaldehyde cyanohydrin 
or, mandelonitrile 


H 


| 
CeHs.CHO + NaHSOs > C5Hs5—C—OH 
SO3Na 
Þisulphite compound 


4. Condensation reactions. Benzaldehyde condenses with hydro- 
xylamine, phenylbydrazine, and semicarbazide to give the oxime, 
phenylhydrazone, and semicarbazone respectively. 


CsHs.CHO + HeN.OH — CsHs.CH=NOH + H20 
benzaidehyde hydroxylamine benzaldoxime 


CeHs.CHO + HaN.NH.CeHs — CeHs.CH — N.NH.CeHs--H30 


benzaldehyde phenylhydrazine benzaldehyde phenylhydrazone 
CeHs.CHO +HgN.NH.CO.NHz — CeHs.CH = N.NH.CONH;g-- HgO 
benzaldehyde semicarbazide benzaldehyde semicabazone 


5. With PCls. Benzaldehyde reacts with phosphorus penta- 
chloride to give benzal chloride. 


CeHs.CHO + PCls — CeHs.CHCle + POCIs 
benzaldehyde benzal chloride 
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6. With Schiff 's reagent. It reduces the pink colour of Schiff’s- 


reagent. 
9-2. Reactions of —CHO. group not given by aliphatic 
aldehydes. 

1 Condensation with ammon 
ammonia to give hydrobenzamide 


ammonias). 
3CeHs.CHO + 2NHs -* (CeHs.CH)sNe + 3H20* 
benzaldehyde hydrobenzamide 


2. Co: ‘esation with primary amines, Benzaldehyde condenses 
with primary .. tines to form Schiff’s bases, e.g, benzalaniline with 


benzaldehyde. 


ia. Benzaldehyde condenses with 
(aliphatic aldehydes give aldehyde- 


4 HgN.CeHs > CoHs.CH=N.CoHs + H:O 

benzaldehyde aniline benzalaniline 

3, Cannizaro reaction. When warmed with a concentrated 
one molecule of 


solution of alkali, e-g-, potassium hydroxide, 
benzaldehyde is oxidized to benzoic acid and the other is reduced to 


benzyl alcohol. 
2CeHs.CHO + KOH > CeHs.COOK + CeoHs.CH90H 
benzaldehyde pot. benzoate benzyl alcohol 
Cannizaro reaction is given by all aromatic aldehydes and 
among the aliphatic aldehydes only by formaldehyde. 
4. Benzoin condensation. When heated with alcoholic potassium 
cyanide, two molecules of benzaldehyde condense to give benzoin, a 


keto-aicohol. 


CeHs.CHO + OHC.CeHs 
benzaldehyde benzaldehyde 


Note that benzoin condensation is similar t 
studied in the case of acetaldehyde. 

5. With acetic anhydride. When benzaldehyde is heated with 
acetic anhydride in the presence of sodium acetate, an unsaturate 
acid— cinnamic acid is formed. This reaction is known as Perkin's 


reaction. 


CeHs.CHO + (CH3.CO)20 
benzaldehyde acetic anhydride 


alc, KCN 
> CgHs.CH(OH).CO.CeHs 
benzoin 


o aldol condensation: 


CH;.COONa 
> CeHs.CH=CH.COOHK 
cinnamic acid 
+ CH,COOH 
9.3, Reactions of the benzene nucleus. Benzaldehyde gives 
the usual nuclear substitution reactions, the new group entering the 
meta position with respect to the —CHO group. Thus with chlorine 


C,H. CHEN. 
= \CH.C,Hs + 3H:0 


0: 2 HC.CHs > 
M; C H,CH-N 
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in the presence of iron filings or iodine (catalyst) it gives meta- 
chlorobenzaldehyde and with fuming nitric acid, m-nitrobenzal- 
dehyde. 


CHO CH CHO 
Cl; f.HNO; 
eo oo 
Cl — Fe,20* INO, 
m-chlorobenzaldehyde benzaldehyde m-nitrobenzaldehyde 


10. Tests for Benzaldehyde 

1. Benzaldehyde gives a silver mirror when heated with ammo- 
niacal silver nitrate, but has no action on Fehling's solution. 

2. It gives a white precipitate when shaken with a concentrated 
solution of sodium bisulphite, and a yellow precipilate when treated 
with phenylhydrazine dissolved in acetic acid (acetaldehyde reacts 
with these reagents, but the products are too soluble to be 
precipitated). 

3. When benzaldehyde is warmed with acidified potassium 
permanganate solution, it is decolorized and a white precipitate of 
benzoic acid is formed. 


11. Uses of Benzaldehyde 


l. As a cherry-type flavouring material in perfumery. 
2. In the mancfacture of dyes, e.g., malachite green. 
3. As a starting material in various types of syntheses. 


BENZOIC ACID, CeHs.COOH 


12, Preparation of Benzoic Acid 

1. By the oxidation of toluene. When toluene is heated under 
reflux with acidified potassium dichromate, the side chain (—CHs) is 
oxidized to carboxyl group forming benzoic acid. 


CeHs.CHs + 3[0] — CeH5.COOH + H30 


toluene benzoic acid 
CHs COOH 
or, Q + 30] > Q + H0 
toluene benzoic acid 


2. By the hydrolysis of benzotrichloride. Toluene is first 
chlorinated to benzotrichloride which yields benzoic acid upon 
hydrolysis. This method gives better yield than direct oxidation of 
toluene. 

3^, CsHa.CCls > Call = 
CeHs.CHs — — 5 ——— i 
E oo 
chloride acid (unstable) 
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3. By the oxidation of benzaldehyde. Benzaldehyde is heated 
with an alkaline solution of potassium permanganate. The resulting 
benzoic acid remains in solution as sodium benzoate. On acidification, 
benzoic acid is liberated as a precipitate; it is filtered, washed well, 
and recrystallized from water. This is the most suitable method for 
the laboratory preparation of benzoic acid. 

alk.KMnO, 
CeHs.CHO + [0] ————— CeHs.COOH 
Benzaldehyde benzoic acid 

Benzyl alcohol, CéHsCH2-OH, can be similarly oxidized to 

benzoic acid. 


13. Physical Properties of Benzoic Acid 


l. Benzoic acid is a white, crystalline compound (plate-like 
crystals), which melts at 122*C but sublimes when heated rapidly. 


2. Its vapour has a peculiarly pungent odour which causes 
sneezing and coughing. In the solid state it has no odour. 


3. It is only sparingly soluble in cold water, but it dissolves 
readily ip hot water. It is also soluble in alcohol, ether, and benzene. 
When dissolved in benzene, it associates to form double molecules, 
(CoHs5.COOH)e. 


4. It is volatile in steam. 


14. Reactions of Benzoic Acid 


Like all aromatic carboxylic acids, benzoic acid behaves very 
much like aliphatic carboxylic acids differing mainly in the reactions 
of the benzene ring part of the molecule. Thus, benzoic acid forms 
salts, esters, acid chlorides, and amides much in the same way as 
acetic acid. Owing to the influence of the electron-attracting benzene 
ring upon the carboxyl group attached to it, however, aromatic 
acids dissociate to a greater extent than the corresponding aliphatic 
carboxylic acids. This is why benzoic acid is a much stronger acid 
than acetic acid. 


The chemical reactions of benzoic acid may be divided into 
two general classes : (1) those which are due to the —COOH group, 
and (2) those which produce substitution on the benzene ring (note 
that —COOH group is meta-directing). 


A, Reactions of the —COOH group. These are : 


1. Formation of salts. Benzoic acid is a weak monobasic acid 
which forms salts, called benzoates, with alkalis and carbonates. 


C&Hs.COOH + NaOH —— CeH5.COONa + H20 


benzoic acid sodium benzoate 
.2CeHs.COOH + NagCO3s —> 2CgHs5.COONa + H20 + COz 1 


2. Formation of esters. When heated with an alcohol in the 
presence of a suitable dehydrating agent, benzoic acid forms the 
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corresponding esters, e.g., ethyl benzoate with ethyl alcohol. 


H,SO, 
CoHs.COOH + C2Hs.0H ——> CeHs.COO.CaHs + H20 
benxoic acid ethyl alcohol ethyl benzoate 

3. Formation of acid chloride. When treated with phosphorus 
pentachloride benzoic acid yields benzoyl chloride. 

CeHs.COOH + PCls ——> CeHs.COCI + POCIs + HCl 

benzoic acid benzoyl chloride 

4. Formation of acid amide. Benzoic reacts with ammonia to 
give ammonium benzoate, which, upon heating loses water yielding 
benzamide. 


4 
CeéHs.COOH + NH3 > CeHs.COONHs —> CeHs.CONH: + H20 
benzoic acid ammonium benzoate benzamide 
5. Decarboxylation. When sodium benzoate is heated with 
soda-lime, it is decarboxylated to give benzene. 


A 
CeHs.COONa + NaOH —-* CeHe + NaoCOs 
sodium benzoate benzene 

6. Reduction. When reduced with lithium aluminium hydride, 

benzoic acid gives benzyl alcoho! 
CeHs.COOH + 4[H] —> CeHs.CH20H + ‘H20 
benzoic acid benzyl alcohol 

B. Substitution reactions of the benzene ring 

7. Halogenation, nitration, and sulphonation. Benzoic Bons: 
undergoes these substitution reactions in the usual manner forming 
the corresponding meta-derivatives. Thus, 


COOH COOH E 
Ch HNO; H480, 
m des , ij 
aw. NO; si 
. i i iphonicbenzoic 
Lease es Monte per acid 


15. Tests for Benzoic Acid 

1. Benzoic acid dissolves in hot water, 
pearly flakes upon cooling the solution. 

_ 2. It produces brisk effervesence with so 

owning to the evolution of carbon dioxide. 

3. A neutralized solution of benzoic acid gives à buff pr 
of ferric benzoate with neutral ferric chloride solution. e^ 

4. When heated with ethyl „alcohol and a little Gers " 
sulphuric acid, it forms ethyl benzoate which is recog 
peppermint smell. 


but separates out as 
dium carbonate solution 


ecipitate 


Ep 
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16. Uses of Benzoic Acid 


1. In medicine, as primary antiseptic and in vapour form for 
disinfecting bronchial tubes. 
2. For making benzoyl chloride, dyes, perfumes, and rust 
inhibitors. 
3. As a preservative in processed foods (e.g., tomato ketchup, 
jams, etc.) and fruit juices. However, sodium benzoate is preferred 


to benzoic acid for this purpose as it 1s less toxic. 


Questions 


1. (a) What are phenols ? How are these different from aliphatic alcohols ? 

(b) Describe any two methods for the preparation of phenol, and give 
balanced equations for the reactions. 

(c) Name the product formed and write the equation for the reaction of 
phenol with bromine water. 

(d) How would you convert phenol into picric acid. 

(e) Write the structural formula of picric acid. 


2. The following is a series of reactions. Study it carefully and answer the 
questions based on it ; 


C,H,--HCI--40,— C H,CI--H4O 
A. 1 B 


ether 
CHCl + Mg —-* C,H,MgCI 
B 2 C 
C,HsMgCl+40.—+C,HsOMsCl 
c 3 D 
C,HiOMgCH-HO--* CHOBEEMaOFDCI 
4 


(a) Identify the compound A, B, C and E. 
(b) Name the reactions (2) and (4) 
(c) What will be the reaction of the NO,+ radical with compound A ? 
Name this reaction. 
(d) Describe how compound E can be converted into phenylamine 
(aniline), C,H,.NH; ? 
3. (a) How will you distinguish between phenol and ethyl alcohol ? 
(b) How will you convert phenol into salicyclic acid ? Name the reaction. 
4. (a) Give a method for the laboratory preparation of benzaldehyde. 
(b) What are the products when benzaldehyde is 
i. oxidized with acidified KMnO,. 
ii, reduced with sodium amalgam and water. 
iii. warmed with KOH solution. 
Give balanced equations for the reactions. 
(c) Give a simple test to distinguish benzaldehyde from acetaldehyde. 
5, (a) What happens when benzaldehyde reacts with— 
i. concentrated sodium hydroxide solution ? 
ii. acetic anhydride, sodium acetate, and heat ? 
iii. alcoholic potassium cyanide ? 
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. (b) Name the reactions (e.g. Rosenmund reaction, aldol condensation, 
Perkin’s reaction, Kolbe's reaction, Cannizero reaction, etc.) in (a) and give 
the balanced equation for each reaction. 

6. (a) How is benzoic acid made from toluene? From benzaldehyde ? 
Givc balanced equations for the reactions. 

(b) Give the reactions of benzoic acid which depend on the presence of 
the —COOH group. 

(c) Why is benzoic acid a stronger acid than acetic acid ? 


7. What happens when— 
i. CO, is passed into sodium phenate under pressure, 
ii. sodium phenate reacts with methyl iodide, 
iii, benzaldehyde is treated with fuming nitric acid, 
iv. benzoic acid is reduced with lithium aluminium hydride ? 
8. Show by means of equations only how you will convert— 
i. benzene into phenol and phenol into benzene, 
ii. benzene into benzoic acid and benzoic acid into benzene, 
ili. phenol into picric acid, n 
iv. benzoic acid into benzoyl chloride ? 
Key 
Wu 2. O A--benzene, B=chlorobenzene, C=phenylmagnesium chloride, 
G2: phenol. 
(b) Grinard reaction, hydrolysis. 
(c) Nitrobenzene will form by nuclear substitution. The reaction is named 
nitration. 
(d) By reaction with NH; in the presence of ZnCl, at 300°C, 
3. (a) By eae with a drop of aq. FeCl,; phenol will develop violet 
coloration, no change in ethyl alcohol, 
(b) By converting phenol into sodium phenate and heating the latter to 
about200*C in carbon dioxide. The resulting sodium salicylate is hydrolysed 
to give salicylic acid. 


CHON NaOH ; CO,, 200°C at 
———+ C,H;0Na————+ eH la). COOH 
phenol sodium phenate sod E aioe 
| HoH 
C,H,(OH),COOH 
Salicylic acid 


The reaction is called Kolbe’s reaction. 


5. (b) Reaction (i)Cannizaro reaction; Reaction (i) Perkin’ ion; 
and Reaction (iii) aldol condensation. uen e reacio; 


Polymers 


The various stages of human civilization are broadly referred to by 
the materials used by man during different ages to help him in his 
struggle to survive. Thus, there have been the stone age, the 
copper age, the bronze age, and the iron age The general pattern 
has been that the more versatile the material man has had at his 
disposal, the more advanced his civilization has become. Today 
man has at his disposal a highly versatile range of materials, 
called synthetic polymers, from which are fabricated a wide variety 
of products ranging from tiny buttons to huge motor boats. 
When polymers are fabricated into useful articles they are referred 
to as plastics, rubbers, and fibres. We are living inthe Age of 
Synthetic Polymers. A list of names of the better known materials 
of this class would include Bakelite, polythene, polystyrene, teflon, 
nylone, terylene, PVC, etc. All of these are purely synthetic 
polymers in contrast to the natural polymers such as cotton and 
wool or the semi-synthetic polymers such as rayon and Celanese 
derived from the natural polymers. 


1. Some Definitions 


A polymer is a substance of high molecular weight formed by 
the chemical union of many low-molecular-weight molecules of one 
single substance or of two or more different substances. There is no 
agreement as to the minimum molecular weight a substance must 
have in order for it to be called a polymer. However, a practical 
figure would be about 2500. The molecular weights of common poly- 
mers vary from about 20,000 (e g., nylon) to several hundred thousand 
(e.g., polyvinyl! chloride, 250,000). The process of building up a 
polymer from simple molecules is termed polymerization. Poly- 
merization is best defined as intermolecular combinations that can 
theoretically proceed without limit. In practice, however, the 
polymer ceases to grow after a certain stage. A compound capable 
of conversion into a polymer, as ethylene into polyethylene, is called 
a monomer (mono, one; mer, unit) A polymer then is a molecule, 
of many units and is also known as a macromolecule. 


2. Types of Polymerization 


There are two main types of polymerizaticn : addition poly- 
merization and condensation polymerization. 


(164) 


Ua 
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2-1, Addition polymerization. Addition polymerization 
involves self-combination of a large number of monomer units with- 
out the elimination of small molecules. The empirical formula of the 
resulting polymer is the same as that of the monomer. The mono- 
mer is generally an unsaturated organic compound such as ethylene, 
CH=CH. The mechanism of polymerization involves the rupture 
of the carbon-carbon double bond by the action of a free redical 
generated by the catalyst, such as benzoyl peroxide. This compound, 
at high temperatures and pressures, splits and each half of the 
molecule comes apart carrying a spare electron*. This may be 
represented as R : R — R’ +°R, where R'is a free radical. This 
free radical attacks an ethylene molecule thus : 


n iii 
R + as Exc gay MC 
H H H H 


An electron from the double bond (it is made up of a pair of shared 


electrons) is pulled over to join the electron on C to form a bond. 
This leaves the other electron of the double bond spare. The free 
radical has thus generated another free radical of the ethylene mole- 
cule, which can then generate another. 


Lobo teed DUE 
was "F C=C — Roc ners 
H HH H HHH 


A large number of molecules are involved in succession forming a 
long chain. The process may come to stop in several ways. Two 
possible ways are : (1) by the collision between two growing chains 
which unite to form a deactivated molecule, 


Tp NET ice 
ld " 
r—fc-}-c ue cfc} R c sEe]-c-c-Ee]-n 
| 7n | EXC |n | | Shen 
H H Hm oH : Hs CHOR UH 
deactivated molecule of the polymer 
and (2) by the collision of the growing chain and a catalyst radical R’. 


re "m 
JAHRE 
H SH H H 


> oO [6] 


D 1 A 
CeHs.C— O—O—C.CeHs —> 2CeHg + 2COs 
benozyl peroxide phenyl free radicals 
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The polymerization of ethylene to polyethylene is more simply 

Tepresented as : 
catalyst 
nCHe=CHs ——-> (—CHa—CH2—)n 
ethylene polyethylene 

In general, the polymers may be represented by the general structural 
formula X(A]sY; in which A is called the ‘repeating unit’ and X and 
Y the ‘end groups. The repeating unit A is a group of atoms 
(carbon being essentially’ one of these) which may be simnle like 
—CHg— as in ethylene, or much more complex. Although the term 
polymer is used synonymously "with macromolecule, it may be 
appreciated that the former term denotes a succession of identical 
repeating units without the end groups. 


The monomer and the repeating unit structure of some more 
common addition polymers are listed in Table 31-1. 


Table 31-1 Some common addition polymers 
qc Le ctc c 
Name of the polymer Monomer Repeating unit structure 
1. Polyvinylchloride Vinyl chloride, H cl 
(P.V.C.) CH;-CHCI L d 
pur 
H H 
2. Polyterafluoroethylene tetrafluorocthylene F F 
(P. T.F.E.), Tefion CF,-CF, | J 
E id 
3, Polypropylene propylene H H 
CHg CH «CH; | d 
s d 
CHs H 
4. Polymethyl methacrylate methyl methacrylate H  COOCH; 
(Perspex) ,/€00.CH, | 
CH =C ME N E 
CH; eel 
H CH; 
5. Polystyrene styrene 


ee Fick ie E 


Q 9 


Copolymerization. Addition polymerization is not limited to 
molecules of one kind, it can also take place among two or more 
different kinds of monomer molecules. In the latter case, the pheno- 
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menon is knowa as copolymerization or interpolymerization. Many 
synthetic rubbers are polymers of butadiene, CHa- CH —CH -CHs, 
copolymerized with other addition-type monomers, e.g., styrene. 


nCHz=CH—CH=CHg; + nCH2=CH — 
butadiene I 


styrene 


— boe oos _ 


| repeating unit of the macromolecule 


2.2. Condensation polymerization, Condensation polymeri- 
zation takes place between two monomer units, each containing 
two or more functional groups. The bi- or polyfunctional molecules 
condense with one another repeatedly, eliminating a small molecule 
such as water, ammonia, etc., as the reaction proceeds. For example 
ethylene glycol, HO.CHs.CH»-OH, and adipic acid, COOH.CHs. 
CHs.CHs.CHa.COOH, undergo condensation polymerization as the 
result of the formation of ester linkages. Tbe equation below shows 
tbe first stage of this process. 


HH 


| | | 
H-0——0—0H + HO C—CHy~CH—CH:—CHr—C—OH 


fi [| 
HH o o 
ethylene glycol adipic acid 
TAE 
—32—0—C—6—0—0-—CH—CHs—CHi- Cis COR + H$3O 
y [i 
H H o o 
een) 
ester linkage 
The polymers of this type are called polyesters, and are widely used 
as synthetic fibres. 


Three well known polymers, produced by condensation poly- 
merization are terylene (also called decron or terene), nylon, and 


Bakelite. 
E 


168 S.C. CHEMISTRY VOL. It 


(1) Terylene. The monomers for terylene, a polyester, are 
ethylene glycol, HO.CH2.CH2 OH, a dihydroxy alcohol, and tere- 


phthalic acid. wooc f Yc OOH, a dicarboxylic acid 


nHO—CHg—CH2—OH +nHOOC —COOH 
ethylene glyco! 
terephthalic acid 


ae -[-o-cn-em-o-co-4 Dy-co- | 2nHiO 
^ n 


part of the structure of terylene or dacron 


Terylene fibre has a high tensile strength, and garments made of 
it are remarkably crease-resistant. lt is also resistant to moths, 
mildew, and abrasion. 


(2) Nylon. Nylon, the condensation polymer widely used in 
plastics and fabrics ts made from adipic acid, HOOC- CHz—CH:— 
CH2- CHa—COOH, and hexamethylenediamine, NHe—CHa- CH2— 
CHe— CHs- CH2— CH;—NH,.. The reaction by which these mono- 
mer units become bonded together is à conventional amide forma- 
tion accompained by elimination of water, However, owing to the 
presence of reacting groups (— COOH and —NHg) these molecules 
can react repeatedly, each time removing water, and forming amide 


an 
linkages, —C—N—at both ends. 
o o H H 


1 [] | | 
nHO—C—(CHe);—C— OH +nH— N-- (CH30—N—H 
adipic acid hexamethylenediamine 


(07 OH H 

heat 1 ie | 

=> n—| —C(CHa)y C -N~(CHe)s—-N— |—- + 20H20 
part of structure of nylon 


, , Polymers of this type are known as polyamides. These are 
highiy useful as textile materials since they can be extruded into 
fine fibres and stretched. The polymer obtained from adipic acid 
and hexamethylene diamine is known as nylon-66, the name ‘nylon’ 
being the class name of the polyamides. Other polyamides can be 
made from other dicarboxylic acids and other diamines. Thus 
‘nylons’ of widely varying properties suited to a variety of uses can 
be produced. 

Nylon is fabricated into sheets, bristles, and textile fibres. The 
long chain molecules have a random arrangement in an undrawn 
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F 
nylon fibre (Fig. 31-1a), but when 
poprosi parallel positions to 
(Fig. 31-15). 


Fig. 31-1 (a) Undrawn nylon 
fibre (random arrangement 
of molecules) 


3. Bakelite. The Bakelite type of polymers are made fi 
kinds of monomers which can contribute to the formation o 


| Two combinations are : (4) phenol, €_ dou. and fo 


yt 
^ 


uN HN | 
Se=0, and (b) urea, Sc=0, and formaldehyde, 
H HN m s 

a. The reaction between formaldehyde and 


the 
presence of sodium hydroxide catalyst) give rite to 
polymer. containing alternate phenol and Men (- CHy--) walls 


Subsequently, with more formal at a higher temperatüres, 


linear structures interwine by cross-linkages. to gives threedimen- 
sional cage of macromolecules = , 
H: 
OH OH 4 
1 


Hs 4 
m 
OH 
crosslinked bokelite polymer 


part of the structure of the 


E 


m A 
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b. Thè Bakelité type polymers from urea, NHa.CO.NHo, and 
formaldehyde, CHa- O are known cs urea-formaldehyde resins. The 
following represents a small section of a cross-linked polymer of this 
type :, . " 


N—CO—N. r N—CO 
m^ t- i. om m] 
4 CH= Oj=HC 
HN a CH. H H 
é EUSN. co—N WES 5N-co-N(E 
H E 
NET ET 
l 
— CHa CH2 


| 
—N--CO—N-— CHs—N--CO—N— 


It shouid now be clearly appreciated that the principle of poly- 
merization is based on the multifunctional nature of the monomers. 
A monofunctional substance such, as ethyl alcohol, is incapable of 


"polymerization because it contains only one functional group that 


is used up in a chemical reaction with another molecule. Condensa- 
tion polymerization occurs between such bifunctional reacting 
monomers as ethylene glycol and terephthalic acid, hexamethylene- 
diamine and adipic acid, etc. In addition polymerization, the double 
bond in the monomer actsas a bifunctional unit causing repeated 
union. 


3. Proteins, Natural Polyamides 


Proteins, the essentia] constituents of all living cells are structu- 
rally the polyamides. The monomeric units are the a-amino acids, 
which contain an amino group, — NH3, attached to the a-carbon, 
Le,thecarbon atom immediately adjacent to the carboxyl group. 
These can be represented by the general formula 


3 
R-C-COOH 


NHe 


There are nearly thirty different amino acids involved in the 
formation of proteins. Some of the more common of these are ; 


1. Glycine NHe.CH3.COOH 
2. Alanine ee ee 


NHs 


CN 
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3. Glutamic acid HOOC.CH.CH2.CH.COOH 


NH 
4. Lycine NH CHa CHa Con 


4 ~ NH2 
The polymerization of the «amino acids to proteins involves 
the condensation of the —NHa group of one acid with the 


Ir 
carboxyl group of another, setting up an amide linkage, — CN, 
by the loss of a water molecule from the two amino acids. In 
case of the amino acid monomers this linkage is called a peptide 
linkage or a peptide bond. The protein molecule may involve 
hundreds of amino acid molecules bonded through the amide or 
peptide linkages. A portion of this chain may be represented as 
shown below : 


H O HOHHOHHOHHO 
lg Dump ale ot oe PRAE Lvl 
—C- C-NH- ae C—N-—C—C—N—C—C-ete, 
| | l | 
NH2 R R R R 


When a protein is hydrolysed 'the amide linkage is broken, 
yielding the constituent amino acids. 


O: a o 

Wj i] 
—C—N-—-+H,0 > -C-OH + NHz- 

OH:H parts of two «-amino acids 


amide linkage 

Since each amide linkage is broken by the addition of a mole- 
cule of water, the total weight of amino acids obtained is greater than 
the weight of the protein hydrolyzed. 

A large number of proteins are known; different living species 
of plants and animals have in their tissues a great many different 
proteins. Enzymes, the biological catalysts, are also proteins and 
So are the natural fibres, wool and silk. The molecular weight of 
individual proteins varies tremendously, fora low of about 10,000 
to a high of several millions. Since the thirty natural amino acids 
can combine in long chains of a hundred or more moletules in 
countless different ways, it is not surprising that proteins occur in 
such a wide variety. 


4. Effect of Chain Length and Cross-Linking on 
Physical Properties of Polymers 


Depending on their molecular structures, the polymers are of 
two types:linear polymers and cross-linked polymers. In linear 
polymers, such as polyethylene, the monomeric units are arranged 
in a single dimension; in cross-linked polymers, such as Bakelite, 

arrangement is three-dimensional. The linear polymers are 
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soluble in many organic solvents (hence, some of these are used to 
make paints and lacquers); cross-linked polymers are insoluble in any 
kind of solvents. In general, the effects of increasing the chain-length 
are increased resistance to the solvent action of common solvents and 


/ also to the chemical action of acids and alkalis. Cross-linked 
polymers are chemically inert. 


Linear and cross-linked polymers most significantly differ in 
their behaviour on heating. Linear polymers soften whenever 
heated and harden again on cooling to room temperature. These are 
said to be thermoplastic. When heated, thermoplastics can be easily 
moulded, extruded into fibres, or rolled into sheets. The process of 
heat-softening, moulding. and cooling can be repeated as often as 
desired, and hardly affects the properties of these polymers. From 
your own experience you will have noted these properties in many 
everyday-use articles. Hot tea in a plastic cup makes it less rigid 
PVC pipes become soft when left in bright sun. What happens if 
hot iron is put on nylon fabrics ? 


Cross-linked polymers can be heat-treated only once before 
they set, &e., before their formation. Once set, they lose their 
plasticity, and heating results in chemical decomposition. These 
polymers are said to be thermosetting plastics, Their rigid 
structure is the result of the polymerization taking place in three 
dimensions to give a firm cage of molecules. 


Table 31-2 lists some common polymers as thermoplastic or 
thermosetting. 


Table 31-2 Classification of some common polymers 
Thermoplastic (linear) Thermosetting (cross-linked polymers) 
1. Polyethylene, polythene 1, Phenol-formaldehyde (Bakelite) 
2. Polyviny!chloride, P.V.C. 2, Urea—formaldehyde 
3. Polystyrene 3. Resorcinol* — formaldehyde 
4, Polytetrafluorethylene (P.T.F E), 4. Melaminet—formaldehyde 
teflon (Formica) 


5. Polymethylmethacrylate, *perspex" 
6 Polyethylene terephthalate (terylene) 
7. Poly-hexamethylene adipamide (nylon). 


OH 


*Resorcinol is a dihydric phenol, 
OH 

1Melamine is a cyclic compound containing three amino groups : 

je 

c 

N N 
H,N—C iC—NH, 
N 


POLYMERS ' 173 


5. Synthetic Fibres es 


Fibres may be defined as solid materials whose lengths are 
hundreds or thousands of times greater than their widths and which, 
in spite of this characteristic, are sufficiently strong, pliable, and 
resistant to abrasion. They are used to make textiles, ropes and 
twines, and industrial and furnishing fabrics. In a narrower sense, 
the textile fibres may be described as filamentry solids whose mole- 
cules are oriented lengthwise, i.e., along their major dimension. 

The natural textile fibres are of two kinds : (1) cellulose fibres 
e.g., cotton, linen, flax, hemp, and jute, derived from plant sources, 
and (2) protein fibres, e.g., silk and wool, derived from animal sources. 


The textile fibres called rayons can be called artificial fibres or semi- _ 


synthetic fibres. These are not synthetic fibres in the true sense as 
their high molecular weight structure is present in the starting natural 
material, cellulose or cotton. Synthetic fibres came into existence 
with the development of polymerization processes. 

The first truly synthetic fibre to become commercially important 
was nylon. As describec earlier, it is a condensation polymer made 
from a six carbon diamine (hexamethylene diamine) and a six-carbon 
dicarboxylic acid, adipic acid. Nylon has some of the properties of 
silk. It is widely used as a fibre and also for tyre cords, 

Other synthetic fibres are terylene, orlon, vinyon, velon, etc. 
Terylene (or dacron) is a polyester made from ethylene geo and 
terephthalic acid, and has been already described, The fi hasa 
high tensite strength, and garments made of it are remarkably crease- 
resistant. Alone, or blended with long fibre Egyptian cotton, it 
makes a quick-drying fabric for shirts, blouses, and suits that requires 
little ironing 

Orlon is a highly polymerized acrylonitrile, CH= CHCN. 
Textiles made from it resemble either wool or silk and feel warm to 
the hand, Orlon yarn is knitted into fine sweaters. 

Vinyon is made by the condensation polymerization of vinyl 
chloride, CHesCHCl, and vinyl acetate, CHg*"CH.OOC.CHg. It 
withstands acids, water, and chemicals particularly well, 

Velon is a highly polymerized vinylidene chloride, CHa**CCls. 
The polymerization proceeds similarly to that of vinyl chloride : 


"CH= — [-- | 
n 


vinylidene chloride — polyvylidene chloride 
(velon) 


Velon is not affected by sun and perspiration. 

5-1, Superiority of synthetic fibres. The synthetic textile 
fibres are superior to the natural or semisynthetic fibres in several 
respects. They are tough, wear well, shrink little, can be washed 
easily, and are not affected by mildew and clothes moths. They are 


"m 
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not injured by water or dry cleaning solvents. Most of the: OSSESS. 
excellent dyeability. In many cases they resist the chemical ion of 
acids, alkalis, etc. And above all, synthetic fibres can be created, with 
custom-built properties to meet the needs of a wide variety of uses. 


. 5.2, Identifying fibres. Many natural and synthetic fibres can — 
be easily identified by the so called ‘butning test’. Hold a piece o9. 
the fabric in a non-luminous Bunsen flame. Watch carefully what 
happens, and identify the fibre with the help of Table 31-3. t 


Table 31-3 Identifying common fibres \ 
Fibre Observations in the burning test 
1, Cotton } Burn vigorously, smell of burning paper, no bead 
2. Viscose rayon formed, 
3. Wool Burn with difficulty, smell of burning paper, no 
^ 4, Silk bead formed. 
Burns, fabric shrinks from flame, smell of vinegar, 
v] eniin black bead formed which is easily crushed. 
* Burns with difficulty, fabric shrinks from flame, 
gg ond smell of burning hair, hard round bead formed. 
which cannot be crushed. 
7. Terylene ; Like nylon, but burns with black, sooty smoke. 
8. Orlon Burns with ,a sooty flame, fabric sbrinks from 


flame, black bead forms which is easily crushed. 9 


Questions 


1. (a) Define the terms polymer, polymerization, and macromolecule. 
(b) What do you understand by (i) addition polymerization, and 
(ii) condensation polymerization ? 
2. Two methods of making artificial fibres and plastics are addition 
polymerization and condensation polymerization. . 


(a) What chemical feature must the monomer show for addition polymeri- 
zation to také place ? 


(b) Give one example of a polymer made by this process. 
. (c) What is the essentiai chemical! feature of condensation polymerization. 
(d) Give one example of a polymer made by this process. 


_ 3. (a) Give the names and chemical formulae of the monomers and of the 
repeating unit structures of the following polymers: P.V.C., P.T.F.E., polypro- 
pylene, polymethyl methacrylate, polystyrene. 

(b) Give one example each for natural polymer and synthetic polymer. 
^ (c) Give the names and formulae of the monomers for the following 
polymers: (i) Terylene, (ij) Nylon, and (iii) Bakelite. 
4. (a) Describe by means of chemical formulae the formation of peptide 
linkage. | 
-` (b) What ate the products of the hydrolysis of proteins? Why do tbe 
products weigh more than the protein hydrolyzed ? 


5, (a) What are thermosetting and thermoplastic polymers ? Give four 


examples of each. € 
x &. T. Wor 
Library Sy 


(6) Write a short note on ‘synthetic fibres’. 


>: 
o 


